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ABSTRACT  
 
Development of Value-added Food Products from Isoelectrically Recovered 
Proteins  
Reza Tahergorabi 
The amount of fish by-products is huge and there is a large potential for making more 
value-added products from this raw material. On the other hand, dark chicken meat has been 
considered as a major underutilized commodity due to the increasing demand for further 
processed breast meat products. If proper meat recovery technology is successfully applied, the 
recovered meat can result in added revenue for a processor as well as reduce environmental 
pollution associated with disposal of the processing by-products.The overall objective of this 
study was to recover functional proteins from whole gutted fish and dark chicken meat by using 
isoelectric solubilization/precipitation (ISP). Product development that incorporates the “voice of 
consumer” is crucial to understand and satisfy consumers’ needs to manage these product 
development challenges.  
 
Color properties of restructured products made of proteins recovered from chicken 
processing by-products is poor. The by-products contain bones, skin, fat, etc. that affect color of 
restructured products. Therefore, in the first study, effect of TiO2 as a whitening agent at 0-1 
g/100 g and canola oil at 10 g/100 g on color and texture of heat-set gels were investigated.  TiO2 
at 1 g/100 g with canola oil resulted in slightly better (P < 0.05) whiteness of drumstick gels than 
breast gels. TiO2 did not deteriorate gel texture, which was generally comparable to breast gels. 
This research indicates that ISP allows recovery of proteins from skin-on bone-in dark chicken-
meat processing by-products without removal of bones, skin, and fat prior to processing. 
Addition of TiO2 to proteins recovered from these by-products allows development of heat-set 
gels with color and texture comparable to chicken breast gels.  
 
Apart from the appearance, muscle food products can be modified by adding ingredients 
considered beneficial for health or by eliminating or reducing components that are considered 
harmful. High salt intake contributes to hypertention, the major risk factor for cardiovascular 
disease. Salt is commonly added during processing of seafood products to enhance protein 
gelation and hence texture as well as microbial safety. In the second study, salt or KCl-based salt 
substitute at 0 (control), 0.17, 0.34, and 0.51 M was added to surim. This study demonstrated that 
salt substitute and salt result in comparable (P>0.05) physicochemical properties of surimi gels, 
but gels developed with salt substitute have significantly lower (P<0.05) sodium content. 
Therefore, salt substitute can be used to replace NaCl in low-sodium surimi seafood products. 
 
The next study compared protein endothermic transitions (thermal denaturation), 
rheological properties (protein gelation), and fundamental texture properties (shear stress and 
strain at mechanical fracture) of Alaska pollock surimi gels made with 0 (control), 1, 2, and 3 
g/100 g of salt (NaCl) with equal molar concentration of salt substitute. The elastic modulus (G’) 
increased when salt or salt substitute was added to surimi. Surimi gels with salt substitute and 
salt at equal molar concentrations had similar texture properties (shear stress and strain). Based 
 
 
on this study, salt substitute can be used in the development of low-sodium surimi seafood 
products without significant change in gelation and texture. 
 
There is an increasing interest in incorporation of ω-3 PUFA rich oils in food products 
with a simultaneous sodium reduction. Since the protein isolate is recovered from fish and used 
in a formulated food product, it is a logical vehicle for increasing the consumption of ω-3 PUFAs 
and concurrent reduction of dietary sodium. In the next study, the protein isolate was recovered 
from whole gutted trout (bone-in, skin- and scale-on) using ISP processing. The isolate was used 
as a main ingredient to develop heat-set gels made with ω-3 PUFA rich oils (flaxseed, algae, fish, 
krill, and blend) and KCl-based salt substitute. The effect of ω-3 PUFA rich oils on chemical 
characterization of fatty acid composition and their oxidation, spoilage index (total volatile basic 
nitrogen) and fundamental texture properties of trout heat-set gels was investigated. This study 
indicated that trout gels enriched with PUFA rich oils can be considered healthful food in terms 
of the risk of cardiovascular diseases. 
 
These studies demonstrated it is feasible to develop functional food made of muscle 
proteins recovered with isoelectric solubilization/precipitation from low-value dark chicken meat 
and fish processing by-products. The functional foods developed in these studies were 
nutritionally enhanced and had comparable instrumental quality attributes to respective products 
made of chicken breast meat or surimi seafood. Although the results of these studies point 
towards the potential for a novel, marketable functional food product, sensory tests and storage 
stability study are recommended. 
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LITERATURE REVIEW 
 
1. Protein and Its Importance in Human Nutrition 
Proteins are highly complex biochemical compounds. There are 20 different amino acids 
which are building blocks of all proteins. The constituents are linked via substituted amide 
bonds. Whilst it is clear that proteins have a major function in many biological processes, 
they also have a key role as food additives and ingredients. To highlight their biological 
importance, these macromolecules were named proteins, derived from the Greek word 
proteois, which means of the first kind (Damodaran, 2008). 
At the elemental level, proteins contain 50–55% carbon, 6–7% hydrogen, 20–23% 
oxygen, 12–19% nitrogen, and 0.2–3.0% sulfur. All biologically produced proteins can be 
used as food proteins. However, for practical purposes, food proteins may be defined as those 
that are easily digestible, nontoxic, nutritionally adequate, functionally useable in food 
products, and available in abundance. Traditionally, milk, meats (including fish and poultry), 
eggs, cereals, legumes, and oilseeds have been the major sources of food proteins.  
Proteins differ in their nutritive value.  Several factors, such as content of essential amino 
acids and digestibility, contribute to these differences. The daily protein requirement 
therefore depends on the type and composition of proteins in a diet. Adults or children 
consuming only cereal proteins or legume proteins have difficulty maintaining their health. 
The protein content of muscle tissue is high and the quality of this protein is high, containing 
kinds and ratios of amino acids that are similar to those required for maintenance and growth 
of human tissue. Of the total nitrogen content of muscle, approximately 95% is protein and 
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5% is smaller peptides, amino acids, and other compounds (Strasburg, Xiong, & Chiang. 
2008). 
Digestibility of protein is defined as the proportion of food nitrogen that is absorbed after 
ingestion. Although the content of essential amino acids is the primary indicator of protein 
quality, true quality also depends on the extent to which these amino acids are utilized in the 
body. Thus, digestibility of amino acids can affect the quality of proteins. Food proteins of 
animal origin are more completely digested than those of plant origin. Several factors affect 
digestibility of proteins. 
Since meat quality is affected by the muscle structure in the living animal, it is important 
to review chemical and physical composition of muscle proteins, which is discussed in the 
following sections. 
2. Structure and Protein Composition of Muscle 
2.1.Skeletal Muscle 
A schematic diagram of the muscle structure in birds and mammals is shown in Figure 1. 
The fibers are arranged in parallel fashion to form bundles, and groups of bundles form a 
muscle. Surrounding the whole muscle is a heavy sheath of connective tissues, called the 
epimysium. From the inner surface of the epimysium, other connective tissues penetrate the 
interior of the muscle, separating the groups of fibers into bundles. This connective tissue 
layer surrounding groups of fibers is termed the perimysium, and extending from this are 
finer sheaths of connective tissue that surround each muscle fiber. These last sheaths are 
termed endomysium. The connective tissue sheaths merge with large masses of connective 
tissue tendons at the termini of the muscle, with these merger points serving to anchor the 
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muscle to the skeleton. The long components of the circulatory system are located in the 
perimysium, whereas the smaller units (capillaries) are within the endomysium. 
The arrangement of muscle fibers in fish is quite different from that in birds and 
mammals and is based on the need to flex their bodies for propulsion through water. The 
arrangement of the muscle tissue in a typical bony fish is shown in Figure 2. The “W” shaped 
segments are called myotomes, and they have one forward and two backward flexures. The 
myotomes are one cell deep, and the muscle cells are roughly perpendicular to the surface of 
the myotome. The myotomes are connected one to another by thin layers of collagenous 
connective tissue called myosepta (myocommata) (Tahergorabi, Hosseini, & Jaczynski, 
2011).  
Muscle fibers are the units which form a muscle bundle. Each muscle fiber consists of 
myofibrils and each myofibril contains myofilaments. The sarcomere is a small muscle unit 
which is involved in muscle contraction (Figure 2). There is a dark area in which a thick 
filament (myosin) and a thin filament (actin) overlap. This area is known as the A-band. 
There is a light area in the A-band which contains no thin filaments called the H-zone. The 
Z-line is the area which determines the borders of a sarcomere, and it is composed of narrow 
dark bands of proteins (Strasburg, Xiong, & Chiang, 2008). Muscle contraction occurs when 
thick filaments slide toward the Z-line (Barbut, 2002). 
2.2.Muscle Proteins 
Muscle proteins can be divided into three major groups according to their water solubility 
characteristics, myofibrillar proteins, sarcoplasmic proteins, and stroma proteins (Connell, 
1980). Myofibrillar proteins are the proteins that form myofibrils. They are soluble in 
concentrated saline solutions (ionic strength above 0.6) as well as extremely low ionic 
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strength. Myofibrillar proteins are composed of myosin, actin, and regulatory proteins such 
as tropomyosin, troponin and actinin (Figure 2). Myofibrillar proteins are 66-77% of total 
proteins in muscle and provide several functional properties that are useful in food products. 
Generally, seafood myofibrillar proteins are less thermally stable than the proteins isolated 
from terrestrial animals. The pH and ionic strength affect thermal stability of seafood 
myofibrillar proteins, and hence, heat-induced denaturation. Myofibrillar proteins isolated 
from cold water species are typically less thermally stable than warm water species. Protein 
gelation and rheological properties responsible for texture development, and therefore, 
consumer acceptability primarily depend on the quality of myofibrillar proteins, which is 
affected by seafood species, age, seasonality, freshness, and processing parameters such as 
protein concentration, pH, ionic strength and temperature (Suzuki, 1981).  
     Actin constitutes about 20% of the total amount of myofibrillar proteins in muscle. 
Actin is easily extracted. However, this characteristic presents a problem when pure myosin 
is to be isolated, because the extracted actin spontaneously forms actomyosin complex in the 
solution and hinders isolation of pure myosin. Therefore, actomyosin is the main form of 
salt-soluble muscle proteins. Tropomyosin and troponin regulate muscle contraction. 
Tropomyosin is the most heat stable muscle protein and is easily purified. Troponin is a 
necessary protein for tropomyosin to act as a relaxation factor during muscle contraction. 
Water solubility of myofibrillar protein varies depending on the temperature, pH, and ionic 
strenght. Extreme pH and high temperature cause protein denaturation resulting in low 
solubility (Tahergorabi et al., 2011). 
     Sarcoplasmic proteins contain several individual types of water-soluble proteins called 
myogen. Since sarcoplasmic proteins are completely water-soluble, they are isolated from 
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muscle by simply pressing the muscle tissue or by extraction with low ionic strength saline 
solution. Sarcoplasmic proteins may enhance thermal gelation of myofibrillar proteins. There 
are probably several factors that govern heat-induced gelation of myofibrillar proteins in the 
presence of sarcoplasmic proteins. Sarcoplasmic proteins are comprise of myoglobin, 
hemoglobin, globins, albumins, and some enzymes which are more water-soluble than other 
types of muscle proteins (Connell, 1980). 
     Stroma proteins form connective tissue in the muscle structure. These proteins are 
completely water insoluble. They cannot be extracted in acid or alkaline solution, or 
physiological saline solution. The components of stroma proteins are collagen and elastin. 
Elastin is very resistant to moist heat and cooking does not affect elastin in the connective 
tissue.  
2.3.Muscle Fiber Type 
According to this approach, all muscles are classified as either fast-twitch or slow-twitch. 
Fast-twitch (white or light in appearance) muscles have a more rapid progression to peak 
tension and decline to resting tension than do slow-twitch (red or dark appearance) muscles. 
Fast-twitch muscles are found in anatomical locations where forceful movement is needed; 
whereas, slow-twitch muscles are associated with long sustained contraction, that is, for 
maintenance of posture. Their appearance, red versus white, is related to their energy 
metabolism. Fast-twitch muscles require a rapid source of energy, so glycolysis is the 
predominant pathway used by these muscles. Slow-twitch muscles rely primarily on 
oxidative metabolism. This metabolism requires a large amount of myoglobin for oxygen 
storage, and these muscles are therefore redder (or darker) than fast-twitch (white) muscles. 
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The differences between white (fast-twitch) breast muscles of poultry and red (slow-twitch) 
thigh muscles are easy to distinguish based on appearance (Barbut, 2002). 
In fish muscle, fiber types are more distinctive than in mammalian or avian muscles. The 
dark muscle is concentrated superficially, particularly near the lateral line—a group of skin 
sensory organs extending in a single row, from head to tail, along the surface of each side of 
the body. In a few fish, such as tuna, which are very active and fast swimmers, deep-seated 
dark muscle is also present. In some species of fish, particularly salmonids, a few isolated 
dark fibers are scattered throughout the main bulk of the white muscle. 
3. Seafood and Poultry By-products as Nutritious Protein Sources 
Definition of food processing “by-products” has been misunderstood. Three terms 
namely “offal”, “waste”, and “by-products” are frequently and interchangeably used in the 
fish and poultry processing industry and scientific literature to describe the same materials 
(Gehring, Gigliotti, Moritz, Tou, & Jaczynski, 2010). The first two terms imply that those 
materials cannot be used for any application and should be disposed of; and therefore, are 
often misleading and trigger a negative connotation. While the third term suggests that there 
may be some valuable components to be recovered if treated properly; and therefore, it is a 
positive term. Currently, the most common definition of “by-products” is all of the edible or 
inedible materials left over following processing of the main product. A typical example is 
fish filleting to recover boneless and skinless marketable fillets. The fillets would be 
considered the main product and the frames, heads, and viscera would be typical “by-
products” (Strom, & Eggum, 1981).  
There are different estimates as to how much by-products are available. FAO estimates 
postharvest losses to be 25% of the catch. The amount of by-products in fish varies 
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depending on species, size, season and fishing ground (Falch et al., 2006); however, up to 
50% of the fish is commonly discarded when preparing seafood industrially (Guerard, Sellos, 
& Gal, 2005). Others claim that seafood processing discards and by-products make up 
around 75% of the total weight of the catch (Shahidi, 1994). With a grand total of more than 
90 million metric tons (FAO, 2011), the amount of marine by-products is huge and there is a 
large potential for making more value-added products from this raw material.  
In the United States, white chicken meat is preferred over dark meat (USDA, 2000). 
Therefore, with the increasing demand for further processed breast meat products (i.e. white 
meat), dark chicken meat has been regarded as a by-product (USDA, 2004). The major 
concerns with dark chicken meat that affect consumers’ selection and satisfaction are color 
(due to heme pigments containing iron), high fat content and poor shelf stability (Froning 
1995; Fletcher, 1997; Betti & Fletcher, 2005). Low value dark poultry meat should not be 
considered only as muscle tissue which is processed into traditional forms of food, but rather 
as a source of functional ingredients for food product development. If proper meat recovery 
technology is successfully applied, the recovered meat can result in added revenue for a 
processor as well as reduce environmental pollution associated with disposal of the 
processing byproducts. 
4. Alternatives for Recovery of Protein from “By-products” and “Low Value” Meat 
 Among previous efforts to improve the utilization of these kinds of raw materials are 
inventions involving different types of deboning equipment. Several suitable mechanical 
methods of separation are known. Most well-known are the deboning machines from Baader 
and Bibun in which the flesh is pressed through perforations in a rotating drum, by means of 
a powerful rubber belt, leaving bone, etc. behind. In fish processing, the deboners are mainly 
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used in production of mince from beheaded and eviscerated fish, from whole fillets or from 
off-cuts from the trimming of fillets. However, it can also be used for separating the meat left 
on the backbones, collarbones and heads, etc. To obtain a good yield from such low cost raw 
materials, it is necessary to use a high belt pressure which implies drawbacks like 
decolorization by blood and other pigments as well as other unwanted substances like skin, 
small bones, cartilage, etc. The most important options to increase the utilization of “low 
value” dark meat include traditional surimi technology and isoelectric solubilization/ 
precipitation. These technologies aim to concentrate and isolate muscle proteins from this 
type of raw materials (Nolsoe, & Undeland, 2009). 
4.1.Conventional (Traditional) Surimi Processing Technology 
Surimi is a Japanese term for deboned, minced, and washed fish flesh, which is then used 
for the manufacture of seafood imitation products such as crab legs. These are perceived to 
have wholesome and nutritious attributes (Guenneugues & Morrissey, 2005), which, together 
with an affordable price, have contributed to the increasing worldwide consumption of 
surimi-based products. However, given that the demand for fish is increasing, it is clear that 
its availability is decreasing, particularly for some fisheries. The commercial demand for the 
white-fleshed fish is higher than for others and therefore, the industry mainly depends on 
them (Venugopal, 1997; Venugopal & Shahidi, 1998). The surimi industry also demands 
white fish mainly because of the importance of the whiteness and textural properties of the 
resulting products (Park, 2005). Thus, to remove unwanted compounds abundant in minces, 
e.g., from dark muscle fish, efforts have been carried out to produce surimi. The traditional 
surimi process involves three washes with three volumes of water or a slightly alkaline 
solution. In the washes, water-soluble compounds are diluted and some of the neutral fat is 
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removed, and cryprotectants are added before freezing in blocks. Unfortunately, storage 
stability can remain a problem also after washing most likely because of severe dilution of 
the natural antioxidants in the fish raw material (Undeland, Ekstrand, & Lingnert, 1998). 
Also, the loss of sarcoplasmic proteins and some of the myofibrillar proteins into the wash 
water reduces the total protein yield of the surimi process. However some efforts have been 
made to avoid this. Niki, Kato, Deya, & Igarashi (1985), for example, adjusted the pH of the 
first wash water effluent to 10. Insoluble “black” proteins were then removed from the 
effluent by centrifugation. The pH of the effluent was then adjusted to ~pH 5; thereafter the 
effluent was heated at 80 °C. This treatment allowed the coagulated protein to be separated 
from the effluent. The yield of the recovered proteins was about 20% of the surimi products. 
Surimi processing is commercially used for headed-and-gutted fish (i.e., clean muscle tissue). 
Among other limitations, surimi processing cannot be applied to food processing by-products 
and offers relatively low recovery yields when compared to isoelectric 
solubilization/precipitation (ISP) (Gehring et al., 2010). This is why surimi technology 
cannot be directly applied to dark chicken-meat and fish processing by-products unless meat 
is first recovered by mechanical deboning. Proteins recovered from mechanically deboned 
chicken-meat and fish by-products using surimi technology often have unacceptable color 
and the heat-set gels made from these proteins have poor texture (i.e., gelation), color 
properties, and an undesirable odor (Stangierski & Kijowski, 2000). In contrast, proteins 
recovered from food processing by-products containing bones, skin, etc. with ISP have been 
shown to retain gel-forming ability; and therefore, gels made from these proteins have good 
texture and also color properties (Taskaya, Chen, & Jaczynski, 2010). 
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4.2.Isoelectric Solubilization /Precipitation: A New Technology for the Recovery of 
Functional Proteins 
The isoelectric solubilization/precipitation (ISP) of muscle proteins with concurrent 
separation of lipids was proposed by food scientists from University of Massachusetts 
(Hultin & Kelleher, 1999; 2000; 2001; 2002).  Following these pioneering developments 
along with earlier work by Meinke, Rahman, & Mattil (1972) as well as Meinke and Mattil 
(1973), several food science laboratories began active research in the ISP field.  
In fish muscle homogenates, myofibrillar proteins are present as aggregates that are held 
together by weak protein-protein hydrophobic interactions (Undeland, Kelleher, Hultin, 
McClements, & Thongraung, 2003).  However, depending on the conditions that the fish 
muscle proteins are subjected to, the protein side chains can assume different electrostatic 
charges (Figure 3).  This means that the solubility of fish muscle proteins can be “turned” on 
or off by providing conditions that either favor or disfavor protein solubility, respectively.  
When acid is added to a solution, it dissociates yielding hydronium ions (H3O
+
).  Protonation 
of negatively charged side chains on glutamyl or aspartyl residues results in an increased net 
positive surface charge.  Similarly, when base (OH
-
) is added to a solution, deprotonation of 
side chains on tyrosyl, tryptophanyl, cysteinyl, lysyl, argininyl or histidinyl residues 
contributes to an increased net negative surface charge (Figure 3).  Consequently, 
solubilization of fish muscle proteins is ascribed to protonation of aspartyl and glutamyl 
(pKa= 3.8 and 4.2, respectively) residues at acidic pH and deprotonation of lysyl, tyrosyl and 
cysteinyl (pKa= 9.5-10.5, 9.1-10.8, and 9.1-10.8, respectively) residues at basic pH.  When 
the charge equilibrium is reached and a protein solution attains homeostasis, the final status 
of a protein surface electrostatic charge at a given pH is referred to as the net charge.  The 
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accumulation of a net positive or negative charge induces protein-protein electrostatic 
repulsion and an increased hydrodynamic volume due to expansion and swelling (Undeland, 
Kelleher, Hultin, McClements, & Thongraung, 2003; Kristinsson, Theodore, Demir, & 
Ingadottir, 2005).    
As proteins assume more positive or negative net charge, they gradually start electrostatic 
interactions with water (i.e., protein-water interactions).  Due to increased protein-water 
interactions, the protein-protein hydrophobic interactions decrease.  Therefore, as the protein 
molecules become more polar (charged), more water associates on and around the protein 
surface and proteins become water-soluble.  However, it is possible to adjust the pH of a 
protein solution so that the number of negative charges on a protein’s surface is equal to the 
number of positive charges; and therefore, the protein molecule assumes a zero net 
electrostatic charge.  The pH at which the net electrostatic charge of a protein is equal to zero 
is called the isoelectric point (pI) (Figure 3).  The pI is very specific for different proteins, 
and isoelectric focusing is often used to pinpoint the pI.   
The pI of fish muscle proteins is an important parameter because as the charges on a 
protein’s surface diminish, so do the protein-water interactions; and hence, protein water 
solubility and water-holding-capacity (WHC).  In addition, proteins gel poorly at their pI.  
However, the hydrophobicity driven protein-protein interactions are favored at the pI; and 
therefore, proteins at their pI achieve minimum solubility and typically precipitate.  This pH-
mediated, protein isoelectric behavior allows modification of protein solubility/precipitation 
by proper pH adjustment.  Ionic strength (IS) influences pH-mediated ISP 
(Thawornchinsombut & Park, 2004; Chen & Jaczynski, 2007). 
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 The second major group of fish muscle proteins, sarcoplasmic proteins, is water-soluble 
at acidic and basic pH.  However, sarcoplasmic proteins do not precipitate as demonstrably 
between pH 5.0-6.0 as myofibrillar proteins.  As the IS increases, more sarcoplasmic proteins 
precipitate at pH 5.5 (Chen & Jaczynski, 2007b).  Therefore, in a continuous system, more 
sarcoplamic proteins are recovered as salt accumulation increases.  
The isoelectric behavior of muscle proteins can be used to recover functional proteins 
from aquatic animals processing by-products as well as low-value poultry meat.  While 
muscle proteins are in a soluble form (protein-water interactions are favored), the insoluble 
components (bone, skin, scale, etc.) can be removed from the solution by for example 
centrifugation, followed by protein precipitation and recovery at the pI (protein-protein 
interactions are favored).  Functional muscle proteins from fish have thus far been recovered 
at the laboratory scale using a batch mode (Undeland, Kelleher, & Hultin, 2002; Choi & 
Park, 2002; Kristinsson & Hultin, 2003; Kim, Park, & Choi, 2003) and pilot plant scale 
(Mireles DeWitt, Nabors, & Kleinholz, 2007).  The ISP processing with continuous 
centrifugation has also been applied to fish processing by-products (Chen & Jaczynski, 
2007), krill (Chen & Jaczynski, 2007; Chen et al.,
 
2009), and whole fish (Taskaya, Chen, & 
Jaczynski, 2009a; Taskaya, Chen, Beamer, & Jaczynski, 2009b).  Additionally, ISP has been 
used to recover proteins and lipids from beef processing by-products (Mireles DeWitt, 
Gomez, & James, 2002), mechanically deboned turkey (Liang & Hultin, 2003), and chicken 
(Kelleher & Hultin, 2000).  
Many published works have suggested that ISP processing of fish at basic pH allows 
recovery of proteins with generally better functionalities than acidic; and therefore, better 
thermally-induced gelation and consequently texture as well as better color (i.e., whiteness) 
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properties (Chen & Jaczynski, 2007a; 2007b; Nolsoe & Undeland, 2009; Taskaya et al., 
2009a; 2009b).  In addition, ISP at basic pH allows recovery of muscle proteins with higher 
nutritional quality as assessed by a greater content of essential amino acids (EAAs) when 
compared to ISP at acidic pH (Chen et al., 2007; 2009).  High quality protein (i.e., complete 
protein) is determined based on the presence of all 9 EAAs in adequate quantities to support 
human or animal health.  When compared to the biological value (BV) of soybean protein 
concentrate and milk protein (casein), the BV for proteins recovered from fish processing by-
products using ISP is higher than soybean protein concentrate and similar to milk protein.  
Egg protein is commonly the reference protein due to its high nutritional quality. Lysine is 
often considered a limiting EAA; therefore, it needs to be emphasized that proteins recovered 
from fish processing by-products with ISP had a similar concentration of lysine as whole 
egg, and the concentration of lysine was even greater in proteins recovered from whole carp 
and whole krill (Taskaya et al., 2009c; Chen et al., 2009).  Furthermore, due to extreme pH 
shifts during ISP, this technology shows some mild pasteurization effect in the recovered 
proteins, resulting in inactivation of Escherichia coli and Listeria innocua (Lansdowne, 
Beamer, Jaczynski, & Matak 2009a; 2009b).    
5.  Functional Properties of Muscle Proteins and their Link to Isoelectric 
Solubilization / Precipitation and Traditional Surimi Production 
Food preferences by human beings are based primarily on sensory attributes such as 
texture, flavor, color, and appearance. The sensory attributes of a food are the net effect of 
complex interactions among various minor and major components of the food. Proteins 
generally have a great influence on the sensory attributes of foods. For example, the textural 
and succulence characteristics of meat products are largely dependent on muscle proteins 
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(actin, myosin, actomyosin, and several water-soluble meat proteins). “Functionality” of food 
proteins is defined as “those physical and chemical properties which affect the behavior of 
proteins in food systems during processing, storage, preparation and consumption” (Morioka, 
Shimizu, 1989). The most important functional properties when producing a functional 
muscle protein isolate for use in food are discussed in more detail below. 
5.1. Protein Solubility  
Solubility of protein (or protein extractability) in salt solutions is one of the most 
important physicochemical properties in the manufacture of muscle food products. Protein 
solubility is often referred to as functional property or simply functionality. This 
characteristic is a result of comminuting and mixing of fish muscle tissue with salt. Protein 
extractability (solubility) is the percent of total protein that enters the solution, but does not 
sediment due to centrifugation (Tahergorabi et al., 2011). One of the major factors affecting 
protein solubility in aqueous solutions is the pH of the solution. Under alkaline and acidic 
conditions, proteins carry a negative and positive charge, respectively. This leads to repulsion 
between the proteins which finally cause proteins to be solubilized. On the other hand, 
because of the fact that proteins carry no net charge at the isoelectric point, they precipitate at 
this pH. For the isolation of different kinds of proteins from food, solubility difference is 
considered as an important issue (Kristinsson, 2001). Another factor that affects solubility is 
denaturation of the proteins. Solubility may decrease when proteins are denatured. According 
to Sikorski (2007) during heating, denaturation which is followed by aggregation of the 
proteins leads to an increase in hydrophobicity, and as a result, solubility decreases. The 
other critical factor which affects protein solubility is the ionic strength of a solution. Ionic 
strength determines the concentration of ions in a solution. When ionic strength of a salt 
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solution is low (i. e. lower than 0.5) protein solubility can increase or decrease depending on 
the amino acid composition on the protein surface. With the increase in ionic strength of a 
salt solution (i. e. μ >1), different ions affect solubility in different ways. For example, for 
salt solutions containing ions of SO
4
2- 
and F
–
, solubility decreases with the increase in the salt 
concentration (Damodaran, 2008). It means that salt solutions containing these ions are able 
to precipitate proteins from the solution. This concept is refered to ‘salting out’. On the other 
hand, when salt solutions containing ions of Br
–
, I
–
, SCN
–
, and ClO
4
– 
are added to the protein 
solution, solubility increases with the increase in the salt concentration. This phenomenon is 
refered to ‘salting in’ (Sikorski, 2007). When ionic strength of a solution is kept at a constant 
amount, protein solubility can either increase or decrease based on the anions and cations 
which are present in the solution. In this condition, while anions that most increase protein 
solubility involve SCN 
–
 > ClO4
–
 > I
–
 > Br
–
 > Cl
–
 > F
–
 > SO4
2-
 and cations that most decrease 
protein solubility include Ca
2+
 > Mg
2+
 > Li
+
 > Na
+
 > K
+
 > NH
4+
. This ranking of anions and 
cations is according to the Hofmeister series (Damodaran, 2008). 
5.2. Protein Gelation 
A gel is configured by a continuous matrix of interconnected proteins holding water and 
low- molecular-weight particles (Aguilera, 1992). Sarcoplasmic and connective tissue 
(stromal) proteins play only a minor role in the overall gelation phenomenon in processed 
meat. Most sarcoplasmic proteins are readily coagulated when salted meat is cooked to 40-
60° C and they do not form ordered functional gel structures. On the other hand, myofibrillar 
proteins as a whole are superior gelling proteins, playing a vital role in producing desirable 
textural characteristics in processed muscle foods. In particular, myosin (prerigor) or 
actomyosin (post-rigor) accounts for most of the gel-forming capacity of the myofibril 
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protein system. In order to form a gel, myofibrillar proteins must be extracted first, and this is 
usually initiated by mixing meat with salt (NaCl or KCl) and phosphates. The process of 
protein gelation was considered in detail by Ferry (1948). He proposed that two steps were 
involved; an initial phase in which proteins were thermally denatured with concomitant 
conformational changes, and a second in which the denatured proteins aggregated. For the 
second step to proceed, a balance of attractive and repulsive forces is essential. This 
aggregation process, ultimately responsible for the formation of a three dimensional 
structure, requires the participating molecules to interact at specific points. The resultant 
molecular orientation necessary to facilitate these interactions may proceed at a relatively 
slow rate (Hermansson, 1979). The degree of ordering in gelation is controlled by a number 
of factors such as thermal treatment. A high heating rate allows insufficient time for 
molecules to suitably orient themselves, resulting in a discontinuous matrix, uncharacteristic 
of a gel (Mulvihill & Kinsella, 1978). Other factors contributing to the nature of gel include 
protein species, concentration, structure and size, and various processing conditions such as 
pH and ionic strength and heating rate (Ferry, 1948; Kinsella, 1984). Thus,  myosin, which 
has a large length-to- diameter ratio (approximately 100 nm in length and 1.5-2 nm in 
diameter), can form a highly viscoelastic gel, whereas actin, which is a globular protein of 
about one-tenth of the myosin size, is a poor candidate for gelation, although it may reinforce 
myosin gels at a myosin-to-actin ratio (w/w) of about 2:4. Myofibrillar proteins from muscle 
white fibers form more rigid gels than those from red fibers, and this is attributed to the 
different physicochemical characteristics existing between myosin isoformes. This explains 
why chicken pectoralis major, which consists exclusively of white fibers, and its myosin or 
mixed myofibrillar proteins, forms stronger gels than chicken gastrocnemius (preponderantly 
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red fibers) or its proteins under equal meat processing conditions. Another unique property of 
myofibrillar proteins is that they tend to form the strongest gel at pH around 6.0, although the 
exact pH optima vary slightly depending on muscle types and animal species (Ferry, 1948).  
The formation of kamaboko has been described by Suzuki (1981) who studied the change 
in three-dimensional structure as a function of temperature. When fish mince sol (paste) is 
heated to 50°C a loose network (suwari) is formed from actomyosin and myosin molecules; 
this process is referred to as setting (Suzuki, 1981; Wu, Hamman, & Lanier, 1985). Setting is 
species dependent, occurring over a range of temperatures (up to 50°C) and to varying 
degrees, depending upon the type of fish employed (Taguchi, Kikuchi, Oguni, Tanaka, & 
Suzuki, 1978; Niwa et al., 1980, 1981a,b). As the temperature is increased over 45-50°C, 
suwari is partially disrupted to form a broken net structure (modori). Again, this process has 
species dependency (Shimizu, Machida, & Takenami, 1981). The action of alkaline proteases 
has been cited as promoting this gel weakening (Lee, 1984). Once the temperature is 
increased above 65-70°C the gel becomes ordered and non-transparent, this stage is referred 
to as kamaboko (Suzuki, 1981). In this final stage, the cohesiveness and elasticity of the gel 
is enhanced, the magnitude of which is determined by the slow ordering of the protein 
network that occurs during setting (Lanier et al., 1982; Niwa et al., 1983a; Autio, Kiesvaara, 
& Polvinen, 1989). 
6. Development of Functional Foods from Isoelectrically Recovered Proteins of 
Seafood and Poultry By-Products 
Diet is an important factor that affects well-being and health. The aim is to have 
balanced, varied diets containing safer and nutritious foods with pleasant mouthfeel. Factors 
that have fostered this development include the tremendous current impact of public opinion 
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on the relationship between diet and health, the growing life-expectancy of the population 
(consumers have a high purchasing power and greater health problems and they are very 
eager to take part in any initiative to keep healthy), more concern with disease prevention, etc 
(Bech-Larsen, Grunert, 2003).  
It is this complex situation that lies behind the spectacular growth in the development of 
“healthier” products. Such products must possess one of the following characteristics: 
modified composition and/or processing conditions to prevent or limit the presence of certain 
potentially harmful compounds, and/or the possibility of including certain desirable 
substances, either naturally or by addition, with the subsequent added benefits to health. The 
concept of “healthier” products includes what are known as “functional foods”. These are 
defined as foods that are used to prevent and/or treat certain disorders and diseases, in 
addition to their nutritional value per se (Bech-Larsen, Grunert, 2003).  
Muscle food products are essential in the diet of the developed countries. Their principal 
components, besides water, are proteins and fats, with substantial contribution of vitamins 
and minerals of a high degree of bioavaibility. Both meat and its associated products can be 
modified by adding ingredients considered beneficial for health or by eliminating or reducing 
components that are considered harmful. In this way, a series of foods can be obtained which, 
without altering their base, are considered “healthy”.  
6.1.Consumers’ Trends 
Cardiovascular disease (CVD) is still a major cause of death in Western populations and 
is becoming an important cause of morbidity and mortality worldwide. Cardiovascular risk 
can be reduced by lifestyle changes, one of which is diet. Convincing associations for 
reduced risk of CVD include consumption of fruits (including berries) and vegetables, fish 
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and fish oils (eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)), foods high in 
linolenic acid and potassium, as well as physical activity and low to moderate alcohol intake. 
People who have adopted such diets have benefited by way of a much lower risk of heart 
disease.  However, such a prudent diet is not typical of what consumers in Western countries 
eat (MCcullough, Feskanich, Rimmeb et al. 2000; MCcullough, Feskanich, Stampfer et al., 
2000; Kennedy, Ohls, Carlsons, Fleming, 1995). It appears that consumers today are less 
likely to invest in long-term health if taste and convenience are compromised: in 1998 only 
24 per cent of consumers ate “healthy foods” for long-term prevention of disease, as opposed 
to 45 per cent in 1990 (Bech-Larsen, Grunert, 2003). However, almost all consumers 
indicated that they sometimes buy foods for health reasons. Food industries are aware of this, 
and market some of their foods with health claims. Indeed, it has been shown that health 
claims on foods have a positive influence on consumers' perception of the healthiness of 
foods. Thus, functional foods in the form of palatable and ready-to-use foods that suggest 
short- or long-term health benefits have a huge market and health potential. 
In the following section “healthy” and “functional” ingredients that are used to develop 
functional food products are discussed. 
6.2.The Use of Functional Ingredients in Functional Food Product Development and 
Meet Dietary Guidelines 
6.2.1. Functionality of Salt and Dietary Sodium Intake 
Salt has been used since ancient times for the preservation of meat products and is one of 
the most commonly used ingredients in processed meat products. In modern meat industry 
salt is used as a flavoring or flavor enhancer with the perceived saltiness mainly due to the 
Na
+ 
with Cl
- 
anion modifying the perception (Ruusunen & Puolanne, 2005; Miller & 
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Barthoshuk, 1991). Fat and salt jointly contribute to many of the sensory properties in 
processed meats.  
The main source of sodium in meat products is salt (NaCl) and its reduction in meat 
products is an important goal for decreasing overall dietary sodium. Because salt contributes 
to water and fat binding in meat products, its reduction has an adverse effect on these 
parameters increasing cooking loss and weakening the texture (Ruusunen et al., 2001a, 
2001b). One of the main functions of salt in processed meats is the solubilization of the 
functional myofibrillar proteins in meat. This activates the proteins to increase hydration and 
water-binding capacity, ultimately increasing the binding properties of proteins to improve 
texture. Increasing the water holding capacity of the meat reduces cooking losses thereby 
increasing tenderness and juiciness of the meat products. In a comprehensive review on 
reducing sodium intake from meat products, Ruusunen and Puolanne (2005) put forward two 
hypotheses to explain the role of NaCl in water binding in meat. This includes Hamm (1986) 
who proposed that Cl
-
 ions tend to penetrate in the myofilaments causing them to swell, 
while Offer and Knight (1988) and Offer and Trinik (1983) claimed that the Na
+ 
ions form an 
ion “cloud” around the filaments. Offer and Knight (1988) based their hypothesis on the 
selective binding of the Cl
- 
ion to the myofibrillar proteins. According to these authors, this 
does not cause a marked repulsion between the filaments but between the molecules of 
myosin filaments breaking down the shaft of the filament. This causes loosening of the 
myofibrillar lattice. They propose that the swelling induced by NaCl is entropically rather 
than electrostically driven.  
The effect of NaCl on meat proteins is most likely caused by the fact that the Cl
- 
ion is 
more strongly bound to the proteins than the Na
+ 
ion. This causes an increase in negative 
21 
 
charges of proteins. Hamm (1972) concludes that this causes repulsion between the 
myofibrillar proteins, which results in a swelling of myofibrils due to the repulsions of 
individual molecules. The absorption of Cl
- 
ions with positively charged groups of myosin 
results in a shift of the isoelectric point to lower pH, causing a weakening of the interaction 
between oppositely charged groups at a pH greater than the isoelectric point and therefore an 
increase in swelling and water-holding capacity (Hamm, 1986). 
Of the many risk factors associated with high blood pressure, the one that has been most 
investigated is daily sodium intake. It has been studied extensively in animal experimental 
models, in epidemiological studies, controlled clinical trials and in population studies on 
restricted sodium intake (Gibbs, Lip, & Beevers, 2000; Law, Frost, & Wald, 1991). Current 
average salt intake in Western populations is 9-12 g/day (He, & Macgregor, 2003) and this 
should be reduced to 5-6 g/day according to most public health recommendations aimed at 
lowering blood pressure (Alderman, & Cohen, 2002; Havas, Roccella, & Lenfant, 2004). 
One of the biggest barriers to salt replacement is cost as salt is one of the cheapest food 
ingredients available. Also, consumers have grown accustomed to salt through processed 
foods so in some cases it has being difficult to remove as previously discussed. However, 
apart from lowering the level of salt added to products there are currently three major 
approaches to reduce the salt content in processed foods. Firstly, and probably the most 
widely used is the use of salt substitutes, in particular, potassium chloride (KCl). Masking 
agents are commonly used in these products. A meta-analysis of randomized controlled trials 
showed that potassium supplements reduced mean blood pressures (systolic/diastolic) by 
1.8/1.0 mmHg in normotensive subjects and 4.4/2.5 mmHg in hypertensive subjects 
(Whelton et al. 1997). Several large cohort studies have found an inverse association between 
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potassium intake and risk of stroke (Ascherio et al, 1998; Khaw, & Barrett-Connor, 1987). 
Therefore, potassium supplements have been shown to have protective effects on blood 
pressure and cardiovascular diseases. Secondly, the use of flavor enhancers which do not 
have salty taste, but enhance the saltiness of products when used in combination with salt. 
This allows less salt to be added to the products. Thirdly, optimizing the physical forms of 
salt so that it becomes more taste bioavailable and therefore less salt is needed (Angus, 
Phleps, Clegg, Narain, & Kilcast, 2005).  
6.2.2. Polyunsaturated Fatty Acids as Functional Ingredients 
Fat is an essential component of the diet (Burr & Burr, 1929), and the fatty acids have 
different roles in the human body. In the 1970s, Danish researchers discovered that 
Greenland Inuits, who consume large amounts of marine lipids as part of their native 
lifestyle, had a much lower cardiovascular mortality (10-30 per cent) compared with the 
Danes, who consume much lower levels of these lipids (Kromann and Green, 1980; 
Bjerregaard & Dyerberg, 1988). These findings triggered new research on the role of the 
long-chain polyunsaturated fatty acids (LC PUFA) in the development of cardiovascular 
disease and on the possibilities of utilizing the beneficial effects of ω-3 LC PUFA by 
incorporating marine lipids into foods.   
There are two distinct families of PUFA that cannot be inter-converted. The parent fatty 
acids of the ω-6 (linoleic acid) and ω-3 (α-linolenic acid) families are essential fatty acids as 
they cannot be synthesized by the human body. The body is able to synthesize the LC PUFA 
from the parent fatty acids. However, linoleic acid and α-linolenic acid are competing for the 
same enzyme systems for the synthesis and, therefore, it is important that there is the right 
balance between the intake of ω-6 and ω-3 fatty acids. The ω-6 PUFA are found mainly in 
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vegetable products. The parent ω-3 fatty acid α-linolenic acid, is also present in some 
vegetables (flaxseed, rapeseed, soybean and nut oils), but fish and marine animals are the 
best sources of the ω-3 LC PUFA, eicosapentanoic acid (EPA) and docosahexanoic acid 
(DHA) (Anselmino and Hornstra, 2000). Low levels of ω-3 LC PUFA are also found in 
meat. The current intake of ω-3 PUFA in industrialized countries is only 4-10 per cent of the 
intake of ω-6 PUFA, compared with an estimated ratio of 1:1 about 150 years ago (Leaf & 
Weber, 1987). Therefore, several bodies have issued PUFA guidelines to encourage a more 
balanced ratio of ω-6/ ω-3 fatty acids that would optimize the benefits of both fatty acids. 
Several large-scale epidemiological studies have demonstrated a negative association 
between fish consumption and cardiovascular and/or overall mortality. The cardio-protective 
effect of fish consumption seems to be more prevalent in high-risk populations.   
Several mechanisms have been suggested to explain the preventive effect of ω-3 LC 
PUFA on cardiovascular diseases. It is now well established that ω-3 LC PUFA reduce 
triglyceride levels by lowering hepatic triglyceride synthesis and by decreasing the release of 
triglyceride-rich very low-density lipoproteins (VLDLs) into the blood (Weber & 
Raederstorf, 2003; Nenseter , Rustan, Lundhatz, Soyland, Maelandsmo , Phillips & Devon, 
1992; Bordin , Bodamer, Venkatesan , Gray , Bannister & Halliday, 1998; Haglund, Wallin , 
Wretling, Hultberg & Saldeen, 1998). A high plasma triglyceride level is a cardiovascular 
risk factor. Hypertension is another important cardiovascular risk factor. High doses of ω-3 
LC PUFA have been shown to reduce hypertension, probably by influencing membrane 
fluidity and the balance of the prostanoids that control the constriction and dilation of the 
small arteries and arterioles. Numerous studies have shown that ω-3 LC PUFA have anti-
aggregant activity (Hirai, Teran, Makuta, Ozawa, Fujita, Tamura & Yoshida, 1989). This is 
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probably due to EPA's role in the eicosanoid synthesis and its ability to reduce the levels of 
arachidonic acid (AA) in the membrane. EPA is a precursor of the 3-series prostanoids 
thromboxaneA3 (TXA3) and prostaglandinI3 (PGI3) while AA is a precursor of TXA2 and 
PGI2. TXA2 and TXA3 are both prothrombotic, but TXA3 is less prothrombotic than TXA2. 
In contrast, PGI2 and PGI3 are equally antithrombotic. Moreover, it seems that EPA and 
DHA reduce the gene expression of the enzymes involved in eicosanoid synthesis (Lemaitre, 
Vericel, Polette, & Lagarde, 1997; Kraemer, Stevens, Grimminger & Seeger, 1996).   
Apart from the nutritional value of these oils, many types of oils are used to improve the 
texture and increase the whiteness of surimi seafood. Flavor perception is decreased when 
vegetable oils are used because they decrease the vapor pressure of many of the flavor’s 
components due to their affinity toward the oil. However, flavor release is prolonged, giving 
the product a more rounded flavor profile. Furthermore, chemicals that tend to evaporate 
quickly are retained within the oil phase of surimi seafood products and thereby increase the 
shelf life of the product (Manley, Mankoo, & Dubosc, 2005).  
Soybean and canola oils are commonly used in surimi-based crabmeat as a texture 
modifier, color enhancer, or processing aid. Lee & Abdollahi (1981) suggested that the 
addition of oil/fat modified the texture of fish protein gels in the following manner: it 
prevents sponge-like texture development during extended frozen storage; reduces 
brittleness; and minimizes textural variations resulting from cooking. Vegetable oil can 
replace water by 1:1 up to 6% without changing the shear stress and shear strain values. A 
formula that contains 36% water, 30% surimi, and 34% remaining ingredients can therefore 
perform similarly to a formula that contains 30% surimi, 30% water, 6% vegetable oil, and 
34% remaining ingredients. Substituting oil for water gives surimi seafood manufacturers the 
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option to keep surimi as the number-one ingredient for a product containing less than 30% 
surimi. Vegetable oil also makes products whiter through a light scattering effect that results 
from the emulsion that is created when oil is comminuted with surimi proteins and water. As 
the percentage of oil increased, the lightness and yellow hue linearly increased as well. In 
addition, vegetable oil is often used as a processing aid on the cooking machine, especially 
when the paste becomes sticky due to increased starch content in the formula.  
6.2.3. Titanium Dioxide (TiO2) 
Titanium dioxide is an approved color agent for use in food by the European Union, by 
the United States FDA and by Codex Alimentarius of the FAO/WHO. The joint WHO/FAO 
Expert Committee of Food Additives (JECFA) evaluated TiO2 and allocated an Acceptable 
Daily Intake not specified (JECFA, 1986).  
TiO2 can be manufactured to form two crystal structures, anatase and rutile. The rutile 
form can be formed into platelets on mica (potassium aluminum silicate) template which is 
removed by extractive dissolution in acid and then alkali. The layer thickness of the rutile 
form of titanium dioxide determines the color of the product. Rutile TiO2, platelet form is 
currently used in aqueous film coating system for commercial confectionary products in 
United States (Lomer, Thompson, Commisso, Keen, & Powell, 2000). 
TiO2 is the whitest and brightest known pigment and, in foods, it provides a basic white 
background color that acts as an opacifier and reflects light across most of the visible 
spectrum. It may also act as a barrier by physically separating other colors.   
When TiO2 is used, careful pH measurement is required. At higher levels of TiO2 (0.2%), 
the pH of the meat approaches 6.7 or below. At these conditions, fish proteins do not form an 
elastic gel during crabstick production and the sheet of surimi paste keeps breaking, resulting 
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in reduced yield. CaCO3 and TiO2 showed the ability to make opaque surimi gels. TiO2 was 
much stronger than CaCO3. In addition, CaCO3 at 1.5% was not as strong as 0.02% TiO2 for 
the L* value. Lightness (L*) increased from 75.5 to 78.4 with a level of 1.5% CaCO3 and to 
84.9 with 0.08% TiO2. For this experiment with CaCO3 and TiO2, shear stress (30.2 to 33.8), 
shear strain (2.45 to 2.63), and pH (7.03 to 7.23) values remained consistent, indicating they 
did not affect texture at the level used (Park, 2005).  
7. Physicochemical Evaluations of the Developed Food Products 
7.1.Textural Properties 
Texture and mouthfeel remains the ultimate criteria of product acceptability by the 
consumer.  Food industry efforts are to develop the proper texture for food products (Rohm, 
1990; Gunasekaran & Ak, 2003). According to the International Organization for 
Standardization, texture of a food is defined as the rheological and structural attributes of a 
food product which is perceived by human senses (ISO, 1992). There are different methods 
that can be used to measure texture, each of which provides slightly different information: 
Texture Profile Analysis (TPA), Kramer shear and torsion test. Torsion test is considered a 
fundamental test where results are objective while Kramer shear and TPA are considered 
empirical tests which characterize results so that they can be directly related to overall 
acceptance or hedonic ratings (Kim & Park, 2005). Therefore, when all three methods are 
employed, a more complete picture is obtained. 
7.1.1. Texture Profile Analysis (TPA) 
Textural properties of a material are measured by a technique called textural profile 
analysis. According to Mallikarjunan (2006), cohesiveness, springiness, chewiness, 
resilience, gumminess and hardness are the textural attributes which are measured by the 
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utilization of TPA technique. Definition of these parameters is important because each factor 
deals with different aspects of a material’s texture.  Hardness is measured as the maximum 
force (N) detected during first compression. Cohesiveness is measured as the ratio of the 
positive force during the second compression to the positive force during the first 
compression and determines the amount of deformation for a material before it breaks. 
Gumminess is determined as the product of hardness x cohesiveness. Springiness is 
measured as the ratio of the distance from the second area to the second probe reversal over 
the distance and it is the ability of a material to recover its original shape after the removal of 
the force. Chewiness is defined as the energy required to chew a solid food to the point 
required for swallowing it and is calculated as gumminess x springiness. Resilience is 
determined as the degree of how well a sample recovers from deformation in relation to 
speed and force applied (Alvarez, Canet, & Lopez, 2002). Cohesiveness, gumminess, 
springiness, chewiness, and resilience do not have units. 
7.1.2. Torsion Test 
A torsion test has been proposed as an objective method to measure the mechanical 
properties of surimi gels, which could be applied to other gelling foods. This method allows 
the determination of shear stress and shearing strain at failure. Shear stress measures gel 
strength and correlates well with sensory hardness, TPA hardness, and TPA fracturability. 
This parameter can be improved by different processing conditions and additives. Shear 
strain measures the gel deformability and correlates well with cohesiveness and springiness 
(TPA). This parameter highly depends on the fish species and freshness; generally, it is not 
improved by process or additives. A surimi gel with a shear strain value higher than 2.2 is 
considered high quality and can be used for producing crab or shrimp analogues. Surimi gels 
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with strain values lower than 1.8 are considered low quality (Hamman & Lanier, 1987; Kim, 
Hamman, Lanier, & Wu, 1986). Most fish species from warm water produce surimi gels with 
low to medium shear stress and low shear strain values. These gels are perceived as “mushy” 
(low stiffness and low cohesiveness) and have low commercial value (Luo, Kuwahara, 
Kaneniwa, Murata, & Yokoyama, 2001; Ramírez, Garcia-Carreno, et al., 2002; Ramirez, 
Santos, et al., 2000).  
7.1.3. Kramer Shear Force 
A comprehensive description of the Kramer cell can be found in Bourne (2002). A 
typical system contains 10 shear blades that are 3.2 mm thick and separated by a distance 
equal to thickness. The sample holder is filled with the food. Shear blades are forced through 
the material until they pass through the bars in the bottom of the sample container. Force on 
the ram holding the blades is measured over time and correlated to the firmness of the 
product. Parameters usually measured include maximum force at a given sample weight, 
slope, and energy of the force-deformation curve. Some food products do not display a linear 
relationship between maximum force and sample weight, and thus it has been advised to use 
a constant weight of sample in the test cell unless a linear relationship is demonstrated 
between sample weight and maximum force for that food (Bourne, 2002). A highly linear 
relationship has been shown for surimi, in the range 5–14 g when samples are cut in 
parallelepipeds of 1 cm height, and with lengths and widths varying from 4 to 7 cm and 1 to 
2 cm respectively. However, this linear relationship was not found for fillets. Thus, a 
constant weight is preferred for these fish samples (Betti & Fletcher, 2005). 
7.2.Rheology 
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The physical approach to define mechanical behavior is called rheology. Rheology is the 
science of material deformation and flow. Because action of force results in deformation and 
flow in the material, the mechanical properties will be referred to as rheological properties. In 
addition, rheology considers the time effect during the loading of a body. Thus, mechanical 
behaviors of a material, such as time-dependent stress and strain behavior, creep, stress 
relaxation, dynamic mechanical modulus, and viscosity, are expressed in terms of three 
parameters: force, deformation, and time.  
Dynamic mechanical analysis (DMA) is a method which is used to study dynamic 
viscoelastic behavior (DVB) of a material. For this purpose, dynamic or oscillatory tests are 
performed. During DMA, dynamic stress at a given frequency is applied to a material. 
Viscoelastic materials show both elastic (solid) and viscous (liquid) behaviors. The 
rheological factors which show DVB of the material, includes the storage modulus (G'), the 
loss modulus (G''), and loss angle (Tan delta). The storage modulus (G') is related to the 
elastic (solid) character of the material which indicates the energy which is stored during 
deformation (Peleg, Roy, Campanella, & Normand, 1989; Hamann et al., 1990). On the other 
hand, the loss modulus (G'') is related to the viscous (liquid) behavior of the material which 
indicates the energy which is dissipated as the material is deformed (Vodovotz, Baik, 
Vittadini, & Chinachoti, 2001). For example, if we assume a solid which is ideally elastic, all 
the energy is stored (i.e. G''= 0) but for a viscous material in which all the energy is 
dissipated, G' is equal to zero. Tan delta, which is defined as the ratio of G''/G' (Dogan & 
Kokini, 2007), shows the degree of viscoelasticity of a sample. If tan delta is a low value for 
a material, it means that the material has a higher elasticity (higher G' value) and is a more 
solid-like material. 
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7.3.Color properties 
Color is an important meat quality which greatly affects consumers’ preference (Froning, 
1995). Total heme pigments including myoglobin and hemoglobin are responsible for the 
color of meat. The meat pigment is mainly myoglobin because hemoglobin, which is the 
blood pigment, will be mostly removed after slaughter. Therefore, myoglobin is the 
determining factor for the meat color, and variations in meat color indicate the differences in 
myoglobin content. For example, poultry breast and thigh which are known as white and dark 
meat respectively easily can be differentiated from each other (Schwartz, Elbe, & Giusti, 
2009). Since myoglobin and hemoglobin contain iron, the difference in iron content of white 
and dark chicken meat is the result of variations in total heme pigments The CIE L*a*b* 
color scale which is based on the values of redness (a*), yellowness (b*), and lightness (L*) 
is a well-known method for measuring the color of a sample. In this regard, the moisture 
content of the sample is an important factor influencing the color measurements. If the 
sample has more water content, because of the greater light reflection, it will have more 
lightness value.  
The factors influencing the color of the recovered proteins are those associated with the 
raw starting material such as the amount of pigments, blood, and dark muscle. Therefore, 
different processes should be applied to different fish species for obtaining the lightest (in 
color) possible protein isolates, because consumers preferred the whitest color for the protein 
isolates (Tabilo-Munizaga & Barbosa-Canovas, 2004). This shows that color is an important 
factor which affects consumers’ selection for the products made from isolated proteins. The 
results from comparative studies performed on surimi, acid and alkali process indicated the 
maximum whiteness value for the protein isolates obtained from the surimi process, followed 
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by alkali and acid processes. According to Nolsøe and Undeland (2009) the greater whiteness 
value in surimi production could be explained by the washing process which might have 
helped to remove higher amounts of heme pigments from the protein isolate. The higher 
whiteness value for the proteins recovered by alkaline solubilization processes compared to 
the ones obtained from the acid solubilization process indicated that alkali aided process was 
more efficient in the heme pigments’ separation from the fish meat. 
7.4.Protein Denaturation 
In food processing, denaturation is defined as an irreversible change which occurs when 
proteins unfold and hydrophobic amino acids, which are originally located in the interior of 
the protein molecule, are exposed. A number of factors cause protein denaturation such as 
change in pH (by the addition of alkali or acid) and temperature (i.e. cooking), or addition of 
ions (e.g. NaCl). Denaturation affects a number of factors such as solubility and 
hydrophobicity of the proteins (Sikorski, 2007). There will be a decrease in solubility as well 
as an increase in hydrophobicity of the denatured proteins compared to the native state. 
Denaturation of meat proteins occurs at the temperature range of 30-55 °C. For example, the 
denaturation temperature for myosin is 50-55 °C (Smyth, O’Neill, & Smith, 1999). 
According to Wang and Smith (1993) and Smyth et al. (1999) the denaturation temperature 
of myosin varies with pH and ionic conditions. A pH of 5.5-6.1 and ionic strength of 0.6 M 
NaCl are the typical conditions used in processed meat industry. 
Differential scanning calorimetry (DSC) is typically employed to study thermal 
transitions of proteins in biochemical systems such as food. Thermally-induced transitions of 
protein structure are recorded as a differential heat flow that is displayed as peaks on a DSC 
thermogram. For proteins, the thermally-induced transition is the structural melting or 
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unfolding of the molecule that initiates denaturation (Mallikarjunan, 2006). Change in 
enthalpy (i.e., heat input) during thermal denaturation of proteins is mainly attributed to the 
rupture of intramolecular hydrogen bonds (Park, 2005). This reaction is detected as an 
endothermic peak and the net heat energy (enthalpy, ΔH) required to rupture the bonds is 
represented by the area under the peak. 
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Figure 1. Schematic diagram of birds and mammals muscle structure, starting from a cross 
section of a whole muscle (a), including the layers of connective tissue, the muscle bundle (b), 
fibre (c), myofibril (d) and myofilaments (e). Reprinted from poultry products processing: an 
industry guide. Ebook by Shai Barbut. Copyright 2001 by Taylor & Francis Group LLC - books. 
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Figure 2. Structure of fish muscle tissue (Adapted from Tahergorabi et al., 2011). 
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Figure 3. A protein at its isoelectric point (pI) has a zero net electrostatic charge (Adapted from 
Tahergorabi et al., 2011). (a) At its pI, protein-water interactions are at the minimum, while 
protein-protein interactions via weak hydrophobic bonds are at the maximum, causing protein 
precipitation (i.e., lowest water solubility). (b) Protein-water interactions prevail under acidic or 
basic conditions when the pH of protein solution is adjusted away from the pI, resulting in 
protein water solubility.  
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Abstract 
 
Processing of chicken generates by-products containing muscle proteins attached to 
bones and skin that, if recovered, could be a functional ingredient in restructured food products.  
However, color of restructured products made of proteins recovered from chicken processing by-
products is poor.  The by-products contain bones, skin, fat, etc. that affect color of restructured 
products.  Therefore, color properties need to be improved.  The objectives of this study were to 
determine effects of isoelectric solubilization/precipitation (ISP) and TiO2 on instrumental color 
and texture properties of heat-set gels made of proteins recovered from dark chicken-meat 
processing by-products as compared to gels made of chicken breast meat.  Skin-on bone-in 
chicken drumsticks were used as a model dark chicken-meat processing by-products.  TiO2 at 0-
1 g/100 g and canola oil at 10 g/100 g were added to the ISP-recovered proteins followed by 
cooking.  Due to higher (P<0.05) yellowness (b*) and lower (P<0.05) lightness (L*), the 
whiteness of drumstick gels without TiO2 was lower (P<0.05) than breast gels.  TiO2 at 1 g/100 g 
with canola oil resulted in slightly better (P<0.05) whiteness of drumstick gels than breast gels.  
TiO2 did not deteriorate gel texture, which was generally comparable to breast gels.  This 
research indicates that ISP allows recovery of proteins from skin-on bone-in dark chicken-meat 
processing by-products without removal of bones, skin, and fat prior to processing.  Addition of 
TiO2 to proteins recovered from these by-products allows development of heat-set gels with 
color and texture comparable to chicken breast gels.  Although this study shows the potential for 
a novel, marketable food product, sensory tests are recommended.   
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Introduction 
 
Chicken meat is a competitive source of animal proteins compared to meat from other 
farm animals.  In addition, chicken meat generally has less total fat, saturated fat, and cholesterol 
than beef and pork (USDA, 2006).  This is why the consumption of poultry meat has been 
increasing since 1940s and starting in 2000 the per capita consumption of chicken meat in the 
United States has become comparable to beef and greater than pork (USDA, 2006).  According 
to the FAO, the world production of chicken meat in 1996 was 46 million tons (MT) which 
increased to 76 MT in 2007.  The U.S. production of chicken meat for the respective years was 
11.5 and 16 MT.  The world per capita consumption of poultry protein increased from 1 g/day in 
1961 to 3 g/day in 1995 and 4 g/day in 2003 (FAO, 2009).  These statistics clearly indicate the 
increasing popularity of chicken meat among consumers and its global importance in fulfilling 
human nutritional needs for protein.   
Light chicken muscle (breast) and dark muscle (legs) are processed into light and dark 
chicken meat, respectively.  Dark chicken meat has darker color as well as higher fat and 
cholesterol content than light chicken meat.  Significant quantities of chicken thigh and 
drumstick meat are processed into various value-added products.  The value-added food products 
derived from chicken meat have shown a steady growth in the U.S. and for example more than 
90% of all broilers are processed and sold as value-added products (Thornton & O’keefe, 2002).  
However, the increased production of value-added products inevitably generates a large quantity 
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of chicken-meat processing by-products that contain residual meat left on bones, skin, etc. 
(Dawson, Sheldon & Ball, 1988).  Mechanical deboning has been investigated and is 
commercially used to recover the residual meat from chicken-meat processing by-products 
(Yang & Froning, 1992; Smyth & O’Neill, 1997).  However, mechanical deboning does not 
reduce myoglobin or total fat and cholesterol in the meat recovered from dark chicken-meat 
processing by-products.  Therefore, mechanical deboning results in a typical dark color and high 
fat content of the recovered meat, which has been attributed to low sensory quality when 
compared to the products developed from light chicken meat (Perlo, Bonato, Teira, Fabres & 
Kueider, 2006; Froning, 1976).  It is desirable to devise a processing strategy allowing recovery 
of functional and nutritious muscle proteins with low fat content from low-value dark chicken-
meat processing by-products for subsequent inclusion in value-added food products similar to 
light chicken-meat counterparts.   
Unlike mechanical meat recovery such as deboning of chicken meat processing by-
products, the isoelectric solubilization/precipitation (ISP) allows selective, pH-induced water 
solubility of meat proteins with concurrent separation of lipids and removal of materials not 
intended for human consumption such as bones, skin, etc.  During ISP processing, the meat 
proteins are first solubilized in water at acidic or basic pH followed by centrifugation to separate 
neutral and membrane lipids by flotation and sedimentation, respectively.  Bones, skin, and 
stroma proteins (connective tissue) are also removed in the sediment.  The water-soluble meat 
proteins are then precipitated by adjusting the pH to 5.5, which is the isoelectric point (pI) of 
meat proteins.  The isoelectrically precipitated proteins are de-watered using centrifugation 
followed by their recovery.   
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The role of pH in water solubility of muscle proteins has been described (Meinke, 
Rahman, & Mattil, 1972; Meinke & Mattil, 1973).  The ISP processing of fish fillets with 
concurrent separation of lipids was proposed by Hultin & Kelleher (1999, 2000).  Muscle 
proteins from fish have thus far been recovered at the laboratory-scale ISP using a batch mode 
(Undeland, Kelleher, & Hultin, 2002; Choi & Park, 2002; Kristinsson & Hultin, 2003; Kim, 
Park, & Choi, 2003) and pilot plant-scale (Mireles DeWitt, Nabors, & Kleinholz, 2007).  The 
ISP processing has been applied to beef and fish processing by-products (Mireles DeWitt, 
Gomez, James, 2002; Chen & Jaczynski, 2007a; 2007b).  A bio-reactor system working in a 
continuous mode instead of batch has been proposed for the recovery of functional proteins and 
lipids from food processing by-products using ISP principles (Torres, Chen, Rodrigo-Garcia, & 
Jaczynski, 2007; Jaczynski, 2010).  The ISP processing allows high recovery yields for proteins 
while significantly reducing their fat content (Chen & Jaczynski, 2007b; Taskaya, Chen, Beamer, 
& Jaczynski, 2009b).  Recovered proteins retain functional properties and nutritional value 
(Nosloe & Undeland, 2009; Chen, Tou, & Jaczynski, 2007; 2009; Gigliotti, Jaczynski, & Tou, 
2008; Taskaya et al., 2009a; 2009c).  Due to extreme pH shifts during ISP, this technology 
results in mild, non-thermal pasteurization (Lansdowne, Beamer, Jaczynski, & Matak, 2009a; 
2009b).  Therefore, ISP offers several advantages over mechanical deboning and may be a useful 
technology to recover functional and nutritious proteins from low-value dark chicken-meat 
processing by-products for subsequent application in value-added food products. 
Although ISP allows efficient recovery of functional and nutritious proteins from food 
processing by-products; the heat-set gels developed from these proteins have poor color 
properties due to various pigments that are extracted and retained with the recovered proteins 
(Taskaya et al., 2009b).  Titanium dioxide (TiO2) is a whitening agent commonly used in the 
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food and cosmetic industries.  Therefore, TiO2 can be used in the development of value-added 
food products from the recovered proteins to obtain desired whiteness properties without 
affecting gelation and texture properties (Taskaya et al., 2009b).  It is hypothesized that ISP of 
dark chicken-meat processing by-products will result in the recovery of functional proteins for a 
subsequent inclusion in restructured food products.  Furthermore, addition of TiO2 to the 
recovered proteins will result in the color and texture similar to products developed from light 
chicken meat. 
The overall objective of this study was to recover muscle proteins by ISP from model 
dark chicken-meat processing by-products (skin-on bone-in drumsticks) for the development of 
heat-set gels with color and texture similar to chicken breast meat gels.  Specific objectives of 
this study were to determine: (1) feasibility of ISP to recover proteins from skin-on bone-in 
drumsticks; (2) effect of TiO2 on color and texture properties of gels made from recovered 
proteins as compared to gels made from chicken breast meat; (3) effect of ISP on color and 
texture of chicken protein gels. 
 
Materials and methods 
 
Sample preparation and protein recovery 
 
Chicken drumsticks (skin-on bone-in), boneless skinless chicken drumstick meat, and 
boneless skinless chicken breast were purchased from a local chain grocery store.  All of the 
meat was fresh, refrigerated, and of the same brand.  Chicken drumsticks (skin-on bone-in) were 
used as a model dark chicken-meat processing by-products; while boneless skinless chicken 
drumstick meat and boneless skinless chicken breast meat were used as controls.  Instrumental 
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gel quality (color and texture properties, please see below) of proteins recovered by isoelectric 
solubilization/precipitation (ISP) from chicken drumsticks (skin-on bone-in) was compared to 
gels made from boneless skinless chicken drumstick meat and boneless skinless chicken breast 
meat.  
A processing flowchart for the recovery of muscle proteins from the above chicken 
samples and subsequent development of chicken gels is shown in Fig. 1.  Experimental 
treatments and treatment codes are presented in Table 1.  Fresh, refrigerated chicken drumsticks 
(skin-on bone-in) or boneless skinless chicken breast meat were ground (meat grinder model 812 
with 2.3 mm grinding plates, Biro, Marblehead, OH) followed by homogenization with de-
ionized water (dd H2O) at 1:6 ratio (ground chicken : water, w : v) using a laboratory 
homogenizer (PowerGen 700, Fisher Scientific, Fairlawn, NJ) set at speed five for five minutes.  
Gels were also made from boneless skinless chicken drumstick meat and boneless skinless 
chicken breast meat without ISP (Table 1 and Fig. 1).  Processing temperature was carefully 
controlled at either 32-34C or 4C during ISP (Table 1).  Different temperatures were used to 
determine its effect on the efficiency of lipid separation from the recovered protein.  The 
homogenization/mixing was continued with the PowerGen homogenizer set at speed three during 
subsequent pH adjustment steps.  The total ISP processing time did not exceed 60 min.   
A 6 L aliquote of the homogenate was transferred to a beaker and the pH was adjusted to 
11.500.05 with 5 and 0.5 mol L-1 NaOH (Chen et al., 2007; Chen & Jaczynski, 2007a; 2007b; 
Taskaya et al., 2009a).  The 5 and 0.5 mol L
-1
 reagents were used for crude and fine pH 
adjustments, respectively, during both protein solubilization and subsequent precipitation (pH = 
5.5) (see below).  The pH 11.500.05 was held for 10 min followed by centrifugation at 10,000 x 
g and 32-34C or 4C for 10 min using a laboratory batch centrifuge (Sorvall Evolution RC 
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Refrigerated Superspeed centrifuge equipped with Sorvall Fiber Lite rotor SLC-6000, Sorvall 
Centrifuges, Asheville, NC).  The centrifugation resulted in three layers: top – chicken fat, 
middle – chicken muscle protein solution, and bottom – insolubles (bones, skin, insoluble 
proteins, membrane lipids, etc.). 
The pH of the chicken muscle protein solution collected was adjusted to 5.500.05 by 5 
and 0.5 mol L
-1
 HCl to isoelectrically precipitate chicken proteins.  The pH 5.500.05 was held 
for 10 min.  The solution with precipitated proteins was de-watered by centrifugation as above.  
The centrifugation resulted in two layers: top – process water, and bottom – precipitated and de-
watered chicken muscle proteins.  The precipitated and de-watered proteins were collected and 
used in the development of heat-set chicken gels. 
 
Development of heat-set chicken gels 
 
Chicken pastes were made using the procedure described by Jaczynski and Park (2004).  
The recovered proteins were stored in a refrigerator (2C) overnight and used within a day to 
formulate protein pastes for heat-set gels.  The heat-set gels were also made from boneless 
skinless chicken drumstick meat or boneless skinless chicken breast meat (Table 1 and Fig. 1).  
The pH of precipitated and de-watered proteins or boneless skinless chicken drumstick meat or 
boneless skinless chicken breast meat was separately adjusted to 7.20±0.05 with 0.5 mol L
-1
 
NaOH in a temperature-controlled food processor (Sunbeam Mixmaster model 2350, Sunbeam 
Products Inc., Boca Raton, FL) followed by chopping at low speed for 1 min (Carvajal et al., 
2005).  A paste was obtained by adding salt (2 g/100 g) and chopping at low speed for 0.5 min.  
Functional additives were added to the paste at the following final concentrations:  3 g/100 g 
potato starch (PS) (Penbind 1000 modified potato startch, Penford Food Ingredients Corp., 
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Centennial, CO) and 0.3 g/100 g polyphosphate (PP) (Kena FP-28, Innophos, Cranbury, NJ).  
The functional additives were in a dry powder form.  The above levels of functional additives 
were found in previous studies as optimal for texture development of muscle proteins recovered 
from food animal processing by-products using ISP (Chen & Jaczynski, 2007a; 2007b; Taskaya 
et al., 2009a; 2009b; 2009c).  In the present study, preliminary experiments (data not shown) 
were conducted to confirm these levels of functional additives as optimum for the recovered 
chicken proteins.  Titanium dioxide (TiO2) [Titanium (IV) oxide, Sigma-Aldrich, Inc., St. Louis, 
MO] was added to the paste at the following final concentrations: 0 (control), 0.1, 0.2, 0.3, 0.4, 
0.5, and 1.0 g/100 g.  TiO2 was added to the paste together with the functional additives.  Final 
moisture content was adjusted to 78 g/100 g by adding ice to the paste, followed by chopping at 
low speed for 1 min.  In treatment 12 (Table 1) canola oil purchased from a local grocery story 
was added at 10 g/100 g to the paste.  When oil is added to comminuted protein-based pastes, it 
results in light scattering, and therefore, improves whiteness of cooked gels.  The oil replaced 
added ice at 1:1 (w:w) ratio (Park, 2005).  Additional chopping was performed at high speed 
under vacuum (50 kPa) for the last 3 min.  During chopping, the paste temperature was 
controlled between 1-4C.  Taskaya et al. (2009b) reported that addition of TiO2 to a protein 
paste resulted in poor gel quality due to the pH lowering effect of TiO2.  Therefore, the final pH 
of the pastes in the present study was adjusted to 7.200.05.  Chicken pastes were prepared in 1 
kg batches.  Pastes prepared in this manner were used to develop gels for evaluation of color 
(L*a*b*) and texture properties (Kramer shear test and texture profile analysis).  
Following formulation, chicken paste was stuffed into stainless steel tubes (length = 17.5 
cm, internal diameter = 1.9 cm) with screw end caps for determination of color and texture 
properties with tristimulus color values (L*a*b*), Kramer shear test, and texture profile analysis 
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(TPA).  The tubes were heated in a water bath set at 90C for 15 min.  Following heating, tubes 
were chilled in ice slush and the chicken gel samples were stored at 4C for 24 h before 
evaluation of color and texture. 
 
Color properties of heat-set chicken gels 
 
The chicken gel samples were equilibrated to room temperature for 2 h prior to the color 
measurement.  The color properties of heat-set chicken gels were determined using a Minolta 
Chroma Meter CR-300 colorimeter (Minolta Camera Co. Ltd., Osaka, Japan).  At least eight 
cylindrical gels (height = 2.54 cm, diameter = 1.90 cm) per treatment were used for color 
measurements.  The values for the CIE (Commission Internationale d’Eclairage of France) color 
system using L*a*b* tristimulus color values were determined.  Whiteness of gels was 
calculated by the following equation (Kristinsson et al., 2005; National Fisheries Institute, 1991): 
2/1]2*2*2L*)-[(100 - 100  Whiteness ba   
 
Texture properties of heat-set chicken gels 
 
Two different methods were employed to determine texture: Kramer shear test and 
texture profile analysis (TPA).  Although these texture measurements are commonly employed 
for determination of textural properties, each method provides slightly different information 
(Kim et al., 2005).  The most comprehensive understanding of textural properties is provided by 
a combination of these methods.  Therefore, these two different tests were employed in the 
present study.   
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Chicken gel samples were equilibrated to room temperature for 2 h prior to the texture 
measurement.  At least eight cylindrical gels (height = 8.0 cm, diameter = 1.9 cm) per treatment 
were subjected to Kramer shear test using a texture analyzer (Model TA-HDi, Texture 
Technologies Corp., Scarsdale, NY) with a Kramer cell attachment (Taskaya et al., 2009c; 
Kassis et al., 2009).  The Kramer shear cell consisted of five 3.0-mm thick and 70-mm wide 
shear blades passing through a cell having a corresponding number of slots.  Individual gel 
samples were weighed and placed under the blades in the Kramer cell.  Shear force was 
measured at a 127 mm/min crosshead speed and expressed as maximum peak force (N peak 
force/g of gel sample). 
Texture profile analysis (TPA) of the gels was performed according to Cheret et al. 
(2005).  At least eight cylindrical gels (height = 2.54 cm, diameter = 1.90 cm) per treatment were 
used for the TPA measurement.  Gel samples were subjected to two-cycle compression at 50% 
compression using the texture analyzer with a 70-mm TPA compression plate attachment 
moving at a speed of 127 mm/min.  From the resulting force-time curves, hardness, springiness, 
cohesiveness, gumminess, and chewiness were determined.  
 
Determination of total fat in heat-set chicken gels 
   
Total fat content was determined according to the Soxhlet extraction method (AOAC, 
1995) and expressed as g/100 g (dry weight basis).  To determine total fat content on a dry 
weight basis, chicken gel samples were analyzed for moisture content.  For determination of 
moisture content, 2 g of sample was placed on an aluminum dish (Fisher Scientific Co., 
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Fairlawn, NJ), spread evenly across the dish and oven-dried (105C for 24 h) (AOAC, 1995).   
The total fat content is reported as a mean value of at least three replicates. 
 
Statistics  
 
The experiments were triplicated (n = 3).  In each triplicate at least eight measurements 
were performed for determination of color (i.e., L*a*b*) and texture properties (i.e., Kramer 
shear test and TPA); and at least three measurements were performed to determine total fat 
content.  Data were subjected to one-way analysis of variance (ANOVA).  A significant 
difference was determined at 0.05 probability level and differences between treatments were 
tested using the Fisher’s Least Significant Difference (LSD) test (Freud & Wilson, 1997).  All 
statistical analyses of data were performed using SAS (2002).  The data are reported as mean 
values  standard deviation (SD). 
   
Results and Discussion 
 
Proper color and texture are critical quality attributes of restructured food products.  
However, when food processing by-products containing bones, skin, etc. are processed in order 
to recover functional proteins as a base ingredient for restructured products, the recovered 
proteins often have unacceptably poor color properties (Taskaya et al., 2009b; 2010).  There 
have been attempts to optimize processing conditions to produce surimi-like protein isolates 
from mechanically deboned poultry meat (Hernandez, Baker & Hotchkiss, 1986; Wimmer, 
Sebranek & Mcketch, 1993; Kijowski & Richardson, 1996).  Surimi processing is a technology 
that allows recovery and concentration of muscle proteins (mainly myofibrillar).  Surimi 
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processing is commercially used for headed-and-gutted fish (i.e., clean muscle tissue).  Among 
other limitations, surimi processing cannot be applied to food processing by-products and offers 
relatively low recovery yields when compared to ISP (Gehring, Gigliotti, Moritz, Tou, & 
Jaczynski, 2010).  This is why surimi technology cannot be directly applied to dark chicken-meat 
processing by-products unless meat if first recovered by mechanical deboning.  Proteins 
recovered from mechanically deboned chicken meat using surimi technology often have 
unacceptable color and the heat-set gels made from these proteins have poor texture (i.e., 
gelation), color properties, and also undesirable smell (Stangierski & Kijowski, 2000).  In 
contrast, proteins recovered from food processing by-products containing bones, skin, etc. with 
ISP have been shown to retain gel-forming ability; and therefore, gels made from these proteins 
have good texture and also color properties if TiO2 is added (Taskaya et al., 2010).   
The ISP at basic rather than acidic pH allows recovery of proteins with better 
functionalities; and therefore, better thermal gelation and consequently, texture as well as color 
(i.e., whiteness) properties (Kristinsson & Hultin, 2003; Kristinsson & Liang, 2006; Nosloe & 
Undeland, 2009).  In addition, ISP at basic pH yields proteins with higher nutritional quality as 
assessed by a greater amount of essential amino acids (EAA) compared to ISP at acidic pH 
(Chen et al., 2007; 2009; Gigliotti et al., 2008).  Lipids are also removed to a greater degree from 
the recovered proteins when ISP is conducted at basic pH (Chen & Jaczynski, 2007a; 2007b; 
Taskaya et al., 2009b).  For these reasons ISP at pH 11.5 instead of acidic pH or surimi 
technology was applied in the present study to recover proteins from model dark chicken-meat 
processing by-products (skin-on bone-in drumsticks).  TiO2 is often added to various food 
products to improve whiteness (Meacock, Taylor, Knowles, & Himonides, 1997; Taskaya et al., 
2010).  Benjakul et al. (2004) demonstrated that TiO2 improves whiteness of surimi gels without 
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affecting heat-induced protein gelation.  This is why in the present study various levels of TiO2 
were added to the recovered proteins in order to match the whiteness of gels made from the 
recovered proteins with gels made from boneless skinless chicken breast.  Canola oil was also 
added (treatment 12 only, Table 1) to aid TiO2 in whiteness improvement.  Vegetable oils are 
commonly used in surimi-based products as a color and texture enhancer.  It has been shown that 
oil addition results in proportional increase of lightness (L*) due to light scattering; and 
therefore, improved whiteness of surimi gels (Park, 2005).  The ISP processing in the present 
study was conducted at elevated temperature (32-34C) and refrigeration (4C).  Higher 
temperature typically results in less viscous fat; and therefore, increased fat separation by 
centrifugation, which in turn, would facilitate fat reduction including cholesterol in the recovered 
proteins.  Skin-on bone-in drumsticks (i.e., the starting material for ISP in the present study) 
typically contain more fat than boneless skinless chicken breast meat.  Therefore, ISP at elevated 
temperature could yield proteins with fat content comparable to boneless skinless chicken breast 
meat. 
In the present study, some dark pigment components were likely extracted from skin-on 
bone-in chicken drumsticks and retained with the recovered proteins.  When TiO2 was not added 
to proteins recovered from drumsticks, the gel whiteness was very poor (59.4, treatment 4 in Fig. 
2) and much lower (P<0.05) than for the gels made of boneless skinless chicken drumstick (71.0, 
treatment 3 in Fig. 2) or boneless skinless chicken breast (76.0 and 77.4, treatments 1 and 2 in 
Fig. 2).  However, TiO2 improved gel whiteness (P<0.05) (63.9-80.6, treatments 5-12 in Fig. 2).  
Taskaya et al. (2010) reported similar whiteness values for gels with added TiO2 made of 
proteins recovered by ISP from whole gutted fish (containing bones, skin, etc.).  The lower 
whiteness of gels made from ISP-recovered proteins without TiO2 in the present study was 
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generally due to the higher yellowness (b*) and lower lightness (L*) (Table 3).  The addition of 
TiO2 at 1 g/100 g and canola oil at 10 g/100 g (treatment 12, Table 1) resulted in the highest 
(P<0.05) whiteness (80.6, treatment 12 in Fig. 2) due to increased (P<0.05) L* and generally 
lower b* (Table 3).  Gel whiteness for treatment 12 (80.6) was slightly higher (P<0.05) than for 
the gels made of boneless skinless chicken breast (76.0-77.4).  Therefore, it is possible to 
develop restructured food products from skin-on bone-in drumsticks (i.e., dark-meat chicken 
processing by-products) by using ISP and TiO2 that resemble whiteness of restructured light 
chicken-meat products.  It appears that finely dispersed white particles of TiO2 considerably 
increased L* due to light scattering and at the same time, TiO2 masked the yellow (b*) hue of the 
gels which consequently resulted in increased whiteness of the drumstick gels.  The elevated 
temperature (32-34C) during ISP resulted in less (P<0.05) efficient fat removal from the 
recovered proteins.  The proteins recovered with ISP conducted at 32-34C had higher (P<0.05) 
fat content compared to the proteins recovered at 4C (Table 2).  Chicken fat has a yellow color.  
The proteins recovered with ISP at lower temperature (i.e., 4C) had higher (P<0.05) whiteness 
(treatment 8 vs. 9 and 11 vs. 12 in Fig. 2) probably due to lower chicken fat content.   
Hernandez et al. (1986) showed that surimi processing of mechanically deboned turkey 
neck meat improves whiteness of cooked turkey surimi gels due to increased L* and reduced a* 
values.  Surimi processing reduces fat content and other water-soluble impurities such as 
myoglobin.  Hernandez et al. (1986) reported L* 60.6 and a* 3.9.  The a* was comparable to the 
a* in the present study, but L* was considerably lower in the Hernandez et al.’s (1986) study.  In 
the present study, ISP and TiO2 were used which likely account for the differences.  Kelleher and 
Hultin (2000) used ISP to recover proteins from chicken thigh and leg muscle.  However, fat was 
trimmed and bones as well as skin were removed prior to ISP.  TiO2 was not used either.  The 
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gels made from the ISP-recovered proteins had L* 69.0, a* -0.2, and b* 12.8.  The L* in the 
present study for treatment 5 (L* 70.5) is very similar (Table 3).  However, subsequent additions 
of TiO2 resulted in higher L* in the present study.  By comparing values obtained with surimi 
processing (Hernandez et al., 1986 – L* 60.6 and a* 3.9) vs. ISP (Kelleher and Hultin, 2000 – 
L*69.0, a* -0.2), it is clear that ISP processing results in better color properties of cooked gels.  
The a* and b* reported by Kelleher and Hultin (2000) are lower than in the present study 
probably because their starting material for ISP did not have bones and skin as well as the fat 
was trimmed.  Based on the L*a*b* values reported by Kelleher and Hultin (2000) and using the 
same equation as in the present study, the whiteness in Kelleher and Hultin’s (2000) study is 
66.5.  This value is similar to treatment 6 (L* 66.9) in the present study which used 0.2 g/100 g 
TiO2, but considerably lower than treatments 7-12 (L* 67.7-80.6) and gels made from boneless 
skinless chicken breast (L* 76.0-77.4).  This further confirms that TiO2 and ISP allow 
development of restructured chicken-meat products with comparable color properties to light 
chicken-meat restructured products without removal of bones, skin, or fat from the starting 
material prior to ISP processing.  
Many studies have indicated differences in protein functional properties of light and dark 
poultry meat.  In restructured chicken products, light meat has better water binding properties 
than the dark meat (Froning & Norman, 1966; Maesso et al., 1970).  Protein extractability is also 
greater for light meat (Richardson & Jones, 1987).  Therefore, the differences in protein 
functionalities of light and dark chicken muscle may translate into differences of textural 
properties in the restructured chicken products.  Mechanically deboned poultry meat may contain 
some bone residue, which may interfere with proper texture development of the restructured 
chicken products.  Stroma proteins (connective tissue) impair texture by interfering with the 
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formation of heat-induced protein gel network (Yang & Froning, 1992).  Therefore, for proper 
textural properties of the restructured chicken products, the proteins should have functionalities 
uncompromised due to the recovery technique, while stroma proteins and bone residue should be 
reduced as much as possible.  Since stroma proteins and bones are water insoluble, surimi 
processing cannot remove these impurities from mechanically deboned poultry meat.  However, 
Liang and Hultin (2003) showed that ISP removes stroma proteins and bone residue from 
mechanically deboned turkey meat in the sediment during the first centrifugation step (Figure 1).  
It has also been demonstrated that the ISP-recovered proteins retain functionalities that are 
important in gelation and texture (Kristinsson & Hultin, 2003; Kristinsson & Liang, 2006).  
Therefore, in terms of the final texture, ISP seems a better strategy to recover proteins from skin-
on bone-in drumsticks (i.e., dark-meat chicken processing by-products) than surimi processing. 
When boneless skinless chicken breast was processed with ISP (treatment 2), the 
resultant gels showed the highest (P<0.05) Kramer shear force (Fig. 3).  When skin-on bone-in 
chicken drumsticks were processed with ISP (treatments 4-12), the shear force generally 
increased with the increasing levels of TiO2.  Similar trend was confirmed for hardness using 
texture profile analysis (TPA) (Fig. 4).  Skin-on bone-in drumstick gels without TiO2 (treatment 
4) generally had the lowest textural properties (Figs. 3 and 4, Table 4).  Drumstick gels with 1 
g/100 g of TiO2 and 10 g/100 g of canola oil (treatment 12) had similar (P0.05) hardness and 
generally similar shear force to gels made of boneless skinless chicken breast (Figs. 3 and 4).  
The TPA parameters, springiness, cohesiveness, gumminess, and chewiness are shown in Table 
4.  The drumstick gels with 1 g/100 g of TiO2 and 10 g/100 g of canola oil (treatment 12) 
generally had the best TPA parameters.  Jin, Kim, Choi, Park, and Yang (2008) showed very 
similar trends for texture.  However, these authors used chicken breast meat to compare ISP at 
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acidic and basic pH with surimi processing.  Jin et al. (2008) demonstrated that ISP at basic pH 
results in better texture of cooked chicken breast gels than ISP at acidic pH or surimi processing.   
The total fat content in starting material (skin-on bone-in chicken drumstick) was the 
highest (P<0.05) (30.4 g/100 g, dry weight, Table 2).  Fat content was reduced in the recovered 
proteins to 15.8 and 4.7 g/100 g when ISP was conducted at 32-34 and 4C, respectively.  
Myosin, a major muscle protein has been shown to undergo partial denaturation and aggregation 
when subjected to ISP.  In addition, myosin aggregation, the initial step in heat-induced 
denaturation starts in mid 30C (Yongswatdigul & Park, 2004).  When ISP was conducted at 32-
34C proteins were probably aggregating which might have resulted in entrapment of fat.  This 
fat entrapment might have caused less efficient fat separation during first centrifugation (Fig. 1).  
This is probably why proteins recovered at 32-34C contained more fat than at 4C.  The ISP 
processing at elevated temperatures is not recommended for chicken.  The fat content in proteins 
recovered with ISP at 4C (fat 4.7 g/100 g, dry weight) was slightly lower (P<0.05) than in 
boneless skinless chicken breast (fat 6.1 g/100 g, dry weight, Table 2).  Kelleher and Hultin 
(2000) reported very similar fat content for protein isolate (fat 4.1 g/100 g, dry weight) recovered 
from boneless skinless chicken leg muscle (fat 20.4 g/100 g, dry weight).  Liang and Hultin 
(2003) reported very similar fat reduction in the protein isolate (fat 3.2-4.1 g/100 g, dry weight) 
recovered from mechanically deboned turkey meat (fat 49.5-60.3 g/100 g, dry weight).  
 
Conclusions 
 
Isoelectric solubilization/precipitation (ISP) was evaluated as a means to recover proteins from 
model dark chicken-meat processing by-products (skin-on bone-in drumsticks) for the 
development of heat-set gels with color and texture similar to chicken breast meat gels.  The 
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proteins recovered from drumsticks using ISP at pH 11.5 formed good quality gel and when 1 
g/100 g of TiO2 was added the gel whiteness was similar to (P0.05) to chicken breast gels.  
TiO2 improved (P<0.05) whiteness of drumsticks gels due to increased lightness (L*).  The 
addition of TiO2 at 1 g/100 g and canola oil at 10 g/100 g resulted in the highest (P<0.05) 
whiteness without chalky or artificially white appearance.  Texture properties of drumsticks gels 
were generally poorer than chicken breast gels.  However, some treatments resulted in 
comparable (P0.05) Kramer shear force and texture profile analysis (TPA) parameters.  
Furthermore, the proteins recovered by ISP at 4C had the lowest (P<0.05) fat content that was 
slightly lower (P<0.05) than in boneless skinless chicken breast meat.  Although the results of 
this study point towards the potential for a novel, marketable food product, sensory tests are 
recommended.   
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Table 1. Description of experimental treatments and treatment codes. Chicken gels were formulated prior to cooking to contain 78 
g/100 g moisture, 3 g/100 g potato starch (PS), 2 g/100 g NaCl, 0.3 g/100 g polyphosphate (PP), and pH was adjusted to 7.2.  Source 
of protein, isoelectric solubilization/precipitation, concentration of TiO2, processing temperature, and oil addition were experimental 
variables. 
 
Experimental 
treatment code 
Source of proteins for gels 
Isoelectric 
solubilization/precipitation 
Concentration of 
TiO2 (g/100 g) 
Processing 
temperature (C) 
Oil addition 
(10 g/100 g) 
1 Boneless skinless chicken breast No 0 32-34 No 
2 Boneless skinless chicken breast Yes 0 32-34 No 
3 Boneless skinless chicken drumstick No  0 32-34 No 
4 Skin-on bone-in chicken drumstick Yes 0 32-34 No 
5 Skin-on bone-in chicken drumstick Yes 0.1 32-34 No 
6 Skin-on bone-in chicken drumstick Yes 0.2 32-34 No 
7 Skin-on bone-in chicken drumstick Yes 0.3 32-34 No 
8 Skin-on bone-in chicken drumstick Yes 0.4 32-34 No 
9 Skin-on bone-in chicken drumstick Yes 0.4 4 No 
10 Skin-on bone-in chicken drumstick Yes 0.5 32-34 No 
11 Skin-on bone-in chicken drumstick Yes 1.0 32-34 No 
12 Skin-on bone-in chicken drumstick Yes 1.0 4 Yes 
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Table 2. Total fat content
a
. 
 
 
 
Skin-on bone-in 
chicken drumstick 
(starting material for 
ISP)  
Boneless skinless 
chicken drumsticks 
Chicken PI at 
32-34C 
Boneless skinless 
chicken breast 
Chicken PI 
at 4C 
Total fat 
content 
(g/100 g, 
dry weight) 
30.41±0.37                                        
a 
20.86±1.05              
b  
15.79±0.31  
c 
6.11±0.27            
d 
4.69±1.06   
e 
 
a 
Data are given as mean ± SEM (n = 3). Mean values in columns with different letters indicate significant differences (Least Squared 
Difference test; P<0.05). ISP – isoelectric solubilization/precipitation; Chicken PI at 35C – chicken protein isolate recovered with ISP 
at 32-34C; Chicken PI at 4C – chicken protein isolate recovered with ISP at 4C. 
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Table 3. Color properties
a
 of chicken gels. 
 
 
Experimental 
treatment code
b
 
L* a* b* 
1 83.41.3 b -0.70.4 f 17.20.9 d 
2 81.30.9 c -3.20.5 g 12.20.9 g 
3 77.00.5 e 3.30.3 ab 17.30.4 d 
4 63.60.9 h 3.90.2 a 17.60.8 d 
5 70.50.4 g 2.90.1 bc 20.60.3 a 
6 73.80.3 f 2.60.2 cd 20.00.1 ab 
7 74.10.6 f 2.20.9 cde 19.01.0 c 
8 78.20.2 d 1.70.1 e 19.20.3 bc 
9 80.90.3 c 2.90.2 bc 16.20.1 e 
10 78.90.2 d 2.60.4 cd 17.80.3 d 
11 82.40.4 b 2.80.2 bc 13.80.3 f 
12 87.00.2 a 2.10.2 de 14.20.3 f 
 
a 
Data are given as mean ± SEM (n = 3). Mean values in columns with different letters indicate 
significant differences (Least Squared Difference test; P<0.05). 
b
 Experimental treatment codes are shown in Table 1. 
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Table 4. Texture profile analysis
 a
 (TPA) of chicken gels. 
 
 
Experimental 
treatment code
b
 
Springiness Cohesiveness Gumminess Chewiness 
1 2.000.13 a 0.720.08 abcd 1459738 ab 22701258 abcd 
2 1.940.02 a 0.670.05 cde 1481293 ab 2879565 a 
3 2.000.07 a 0.610.02 de 1123223 abcd 2239437 abcd 
4 2.030.13 a 0.670.09 bcde 538263 ef 1064543 ef 
5 2.040.06 a 0.600.09 e 483186 f 988352 f 
6 2.040.13 a 0.790.08 a 761204 def 1508386 def 
7 1.930.01 a 0.770.03 ab 142082 ab 2726160 ab 
8 1.960.09 a 0.750.08 abcd 875228 cdef 1830264 cde 
9 2.030.02 a 0.720.11 abc 1282165 abc 2415225 abc 
10 1.930.01 a 0.730.03 abc 1015167 bcde 1840200 cde 
11 2.010.02 a 0.650.03 cde 103643 bcd 2011143 bcd 
12 2.020.02 a 0.640.02 cde 1599241 a 3013327 a 
 
a 
Data are given as mean ± SEM (n = 3). Mean values in columns with different letters indicate significant differences (Least Squared 
Difference test; P<0.05). 
b
 Experimental treatment codes are shown in Table 1. 
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Figure 1. A flowchart for protein recovery and subsequent development of chicken gels. The gels 
were formulated to contain 78 g/100 g moisture, 3 g/100 g of potato starch (PS), 2 g/100 g NaCl, 
0.3 g/100 g of polyphosphate (PP), and pH was adjusted to 7.2. Experimental treatments are 
shown in Table 1.    
Cooking at 90C for 15 min 
Homogenization 
Skin-on bone-in chicken drumstick or boneless skinless 
chicken breast : water = 1 : 6 (w:v); at 32-34C or 4C 
Isoelectric solubilization  
at pH 11.5 for 10 min and 32-34C or 4C 
Laboratory batch centrifugation 
10,000 x g for 10 min at 32-34C or 4C 
Top layer 
chicken fat 
Middle layer 
chicken muscle protein solution 
Bottom layer 
insolubles (bones, skin, insoluble                     
proteins, membrane lipids, etc.)  
Isoelectric precipitation 
at pH 5.5 for 10 min and 32-34C or 4C 
Laboratory batch centrifugation 
10,000 x g for 10 min at 32-34C or 4C 
 
Precipitate – chicken protein Supernatant – process water 
Boneless skinless 
chicken breast or 
boneless skinless 
chicken drumstick  
 
Chicken gels 
Boneless skinless    
chicken breast protein 
Skin-on bone-in chicken 
drumstick protein        
(0, 0.1, 0.2, 0.3, 0.4, 0.5, 
1.0 g/100g TiO2, w:w) 
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Figure 2. Whiteness
a
 of chicken gels.
a 
Data are given as mean ± SEM (n = 3). Different letters on the top of data bars indicate 
significant differences between mean values (Least Squared Difference test; P<0.05). 
b
 Experimental treatment codes are shown in Table 1. 
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Figure 3. Kramer shear forcea of chicken gels.
a 
Data are given as mean ± SEM (n = 3). Different letters on the top of data bars indicate 
significant differences between mean values (Least Squared Difference test; P<0.05). 
b
 Experimental treatment codes are shown in Table 1. 
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Figure 4. Hardness (Texture Profile Analysis) of chicken gels. 
a 
Data are given as mean ± SEM (n = 3). Different letters on the top of data bars indicate significant differences between mean values 
(Least Squared Difference test; P<0.05). 
b
 Experimental treatment codes are shown in Table 1. 
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Salt substitution in surimi seafood and its effects on instrumental 
quality attributes 
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Abstract 
A reduction of dietary sodium intake (i.e., from food products) is one of the strategies to 
decrease the risk for cardiovascular disease (CVD).  Salt (NaCl) is commonly added during 
processing of seafood products to enhance protein gelation, and hence, texture and flavor as well 
as to increase microbial safety.  This study compared effects of salt substitute and salt on 
physicochemical properties of heat-set surimi gels.  Salt or salt substitute at 0 (control), 0.17, 
0.34, and 0.51 mol/L was added to surimi.  Addition of salt and salt substitute at 0.17 and 0.34 
mol/L greatly enhanced (P<0.05) gel texture.  However, the level of enhancement was generally 
better with salt than with the salt substitute.  Gel whiteness decreased (P<0.05) for surimi with 
salt at 0.34 and 0.51 mol/L and salt substitute at 0.51 mol/L.  Although salt and salt substitute 
exceeding 0.17 mol/L lowered (P<0.05) gel lightness (L*), they also generally reduced gel 
redness (a*) and yellowness (b*).  Water activity of gels with salt and salt substitute was reduced 
(P<0.05), which is indicative of increased microbial safety.  Addition of salt substitute greatly 
reduced (P<0.05) sodium content in surimi gels.  This study demonstrated that salt substitute and 
salt resulted in similar physicochemical properties of surimi gels, but gels developed with salt 
substitute have much lower sodium content.  Therefore, salt substitute can be used to replace 
NaCl in low-sodium surimi seafood products. 
 
Keywords: surimi; texture; color; salt; salt substitute; food product development.  
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Introduction 
There is evidence that excessive dietary salt intake raises blood pressure, which is the 
major cause of cardiovascular disease (CVD) (World Health Organization, 2002; Intersalt 
Cooperative Research Group, 1988; Poulter et al., 1990; Forte, Miguel, Miguel, de Padua, & 
Rose, 1989; He & MacGregor, 2002; Lifton, 1996).  Current average dietary sodium intake in 
the United States exceeds 3,400 mg/day, which is considerably higher than the recommended 
maximum intake level of 2,300 mg/day (United States Department of Agriculture, 2010).  The 
Centres for Disease Control and Prevention (CDC) has proposed a limit of 1,500 mg/day (CDC, 
2009).  It has been estimated that approximately 70% of the recommended maximum daily 
sodium intake is added during food processing (Scientific Advisory Committee on Nutrition, 
2003).  Therefore, reduction or replacement of sodium at the food processing level has the 
greatest potential to reduce salt-related CVD.   
Surimi is a concentrated fish myofibrillar protein mixed with cryoprotectants.  Surimi is 
commercially prepared by washing deboned fish mince with water to remove blood, lipids, 
enzymes, and sarcoplasmic proteins (Suzuki, 1981; Vilhelmsson, 1997).  Surimi is used as a 
main and functional ingredient in numerous seafood-flavored products such as crab-flavored 
seafood, seafood salads, and the like.  During manufacturing of these products salt is required to 
extract myofibrillar proteins and consequently develop desired texture upon cooking.  Salt also 
lowers water activity, and therefore, suppresses growth of foodborne pathogens.  Surimi-based 
seafood products contain 1-3 g/100 g of salt.  Recent trends indicate that many consumers are 
interested in reducing their dietary sodium intake.  Thus, the development of low-sodium surimi-
based seafood products will allow processors diversification of their offerings by targeting this 
market.  
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Efforts to reduce sodium in processed meat products have been aimed at the reduction or 
replacement of Na
+ 
with other cations such as K
+
, Mg
2+
 or Ca
2+
.  Most attention has been focused 
on the use of potassium chloride (Gelabert, Gou, Guerrero, & Arnau, 2003; Hand, Terrell, & 
Smith, 1982; Ibanez, Quintanilla, Cid, Astiasaran, & Bello, 1996; Ibanez, Quintanilla, Cid, 
Astiasaran, & Bello, 1997; Ibanez et al., 1995; Riera, Martinez, Salcedo, Juncosa, & Sellart, 
1996; Ruusunen & Puolanne, 2005).  Unlike sodium, which increases hypertension, potassium 
has antihypertensive properties and much higher recommended maximum intake level than 
sodium (Na – 2,300 mg/day, K – 4,700 mg/day) (Geleijnse, Witteman, Bak, den Breeijen, & 
Grobbee, 1994; McGuire & Beerman, 2007).   
It is possible to reduce sodium content in surimi-based seafood products by replacing salt 
with a salt substitute.  However, texture and color properties of surimi seafood drive consumer 
acceptance.  It is necessary to determine the effect of salt substitution on these critical properties.  
To our knowledge there are no reports on this topic.  Therefore, it is hypothesized that equal 
molar concentration of salt substitute and salt will results in similar texture and color properties 
of surimi-based seafood, but salt substitute will decrease sodium content.  Specific objectives of 
this study were to compare (1) texture, (2) color, (3) water activity, and (4) sodium content of 
heat-set surimi gels made with salt substitute and salt. 
 
Materials and methods 
 
Surimi 
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Frozen Alaska pollock surimi grade A was purchased from Trident Seafoods Corp. 
(Seattle, WA).  Surimi contained cryoprotectants (4 g/100 g of sorbitol and 4 g/100 g of sucrose), 
0.15 g/100 g of sodium tripolyphosphate, and 0.15 g/100 g of tetrasodium pyrophosphate.  
Frozen surimi blocks (10 kg each) were shipped overnight in heavily insulated industrial strength 
boxes filled with ice.  Upon arrival surimi blocks were cut into approximately 800 g units, 
vacuum-packaged and stored at -80°C until needed.   
 
Preparation of surimi gels   
 
Surimi gels with different concentration of salt and salt substitute were made by using a 
previously described procedure (Jaczynski & Park, 2004; Taskaya, Chen, & Jaczynski, 2009a).  
Frozen surimi was thawed at 4°C for 24 h followed by chopping in a universal food processor 
(Model UMC5, Stephan Machinery Corp., Columbus, OH) at low speed for 1 min.  In order to 
make surimi paste, myofibrillar proteins were extracted with salt (non-iodized Morton salt, 
Morton International Inc., Chicago, IL) or KCl-based salt substitute (AlsoSalt sodium-free salt 
substitute, AlsoSalt, Maple Valley, WA).   The salt substitute contained 68 g/100 of KCl and L-
lysine mono-hydrochloride and calcium stearate.  According to the manufacturer, the patented L-
lysine derivative masks the metallic-bitter aftertaste of KCl.  Salt was added to surimi at 10.0, 
20.0, and 30.0 g per 1000 g batch.  These concentrations of salt correspond to 0.17, 0.34, and 
0.51 mol/L of NaCl, respectively.  The molecular weight of KCl and NaCl is 74.5 and 58.5 g, 
respectively.  In order to add the same number of KCl and NaCl molecules to the surimi paste, 
salt substitute was added at the same, equal molar concentrations as salt.  Thus, 0.17, 0.34, and 
0.51 mol/L correspond to 18.6, 37.3, and 55.9 g of salt substitute per 1000 g batch [e.g.; 0.17 
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mol/L * 74.5 g * (100/68) = 18.6 g].  Therefore, 18.6, 37.3, and 55.9 g of salt substitute were 
equal molar concentrations to 10.0, 20.0, and 30.0 g of NaCl, respectively, added to 1000 g 
batch.  Hereafter, only molar concentrations of salt and salt substitute will be used.  After adding 
salt or salt substitute, chopping at low speed for 0.5 min resulted in surimi paste.  A surimi batch 
without salt or salt substitute was also made and used as a control treatment.  The experimental 
treatments are listed in Table 1.   
Following chopping, final moisture content of surimi paste was adjusted to 78 g/100 g by 
adding ice.  Fish myofibrillar proteins are a gelling agent in surimi.  The protein concentration 
along with moisture content is responsible for texture properties of heat-set surimi gels.  
Therefore, in order to maintain the same protein concentration and moisture content for all 
treatment groups, but variable concentration of salt and salt substitute, silicon dioxide (SiO2) was 
added to surimi paste as inert filler (Table 1).  Silicon dioxide is inert and does not contribute to 
texture development.  This formulation allowed determination of salt and salt substitute 
contribution to gel texture without confounding factors associated with different protein 
concentration and water content.  Crab-flavored surimi seafood typically contains crab flavor.  
Water-soluble crab flavor (F-11019, Activ International, Mitry-Mory Cedex, France) was added 
to the surimi paste at 3.7 g/100 g (Perez-Mateos, Boyd, & Lanier, 2004).  Surimi paste with 
added ice, SiO2, and crab flavor was mixed in the universal food processor (Model UMC5, 
Stephan Machinery Corp., Columbus, OH) at low speed for 1 min.  Additional mixing was 
performed at high speed under vacuum (50 kPa) for the last 3 min.  The paste temperature was 
controlled at 1-4C during entire paste preparation.   
The paste was extruded into stainless steel tubes (inner diameter = 1.9 cm, length = 17.5 
cm) with stainless steel screw end caps and heated in a water bath at 90°C for 15 min.  Following 
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heating, tubes were chilled in ice slush and surimi gels were removed for analysis.  The heat-set 
gels were used for determination of texture (Kramer shear test and texture profile analysis) and 
color (tristimulus color values L*a*b*).  The gels were also used to determine sodium and 
potassium content as well as water activity. 
 
Texture properties of surimi gels 
 
Two different methods were employed to determine texture: Kramer shear test and 
texture profile analysis (TPA).  Although these measurements are commonly employed for 
determination of textural properties, each method provides slightly different information (Kim, 
Park, & Yoon, 2005).  The most comprehensive understanding of textural properties is provided 
by a combination of methods.  Therefore, these two different tests were employed in the present 
study.  Surimi gels were equilibrated to room temperature for 2 h prior to texture measurements.   
At least eight cylindrical gels (height = 8.0 cm, diameter = 1.9 cm) per treatment were 
subjected to Kramer shear test using a texture analyzer (Model TA-HDi, Texture Technologies 
Corp., Scarsdale, NY) with a Kramer cell attachment (Taskaya, Chen, Beamer, & Jaczynski, 
2009b; Tahergorabi, Beamer, Matak, & Jaczynski, 2011).  The Kramer shear cell consisted of 
five 3.0-mm thick and 70-mm wide shear blades passing through a cell having a corresponding 
number of slots.  Individual gel samples were weighed and placed under the blades in the 
Kramer cell.  Shear force was measured at a 127 mm/min crosshead speed and expressed as 
maximum peak force (N peak force/g of gel sample). 
Texture profile analysis (TPA) of the gels was performed according to Cheret, Chapleau, 
Delbarre-Ladrat, Verrez-Bagnis, & Lamballerie (2005).  At least eight cylindrical gels (height = 
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2.54 cm, diameter = 1.90 cm) per treatment were used for the TPA measurement.  Gel samples 
were subjected to two-cycle compression at 50% compression using the texture analyzer with a 
70-mm TPA compression plate attachment moving at a speed of 127 mm/min.  From the 
resulting force-time curves, hardness, springiness, cohesiveness, gumminess, chewiness, and 
resilience were determined.  
 
Color properties of surimi gels 
 
The surimi gel samples were equilibrated to room temperature for 2 h prior to the color 
measurement.  The color properties of heat-set surimi gels were determined using a Minolta 
Chroma Meter CR-300 colorimeter (Minolta Camera Co. Ltd., Osaka, Japan) calibrated with 
white calibration plate supplied by the manufacturer (Chen & Jaczynski, 2007a; 2007b).  At least 
eight cylindrical gels (height = 2.54 cm, diameter = 1.90 cm) per treatment were used for color 
measurements.  The L* (lightness) a* (red to green) b* (yellow to blue) tristimulus color values 
using CIE (Commission Internationale d’Eclairage of France) color system were determined.  
Whiteness of gels was calculated by the following equation (National Fisheries Institute, 1991; 
Taskaya, Chen, & Jaczynski, 2010): 
 
Whiteness = 100 - [(100 - L*)
2 
+ a*
2
 + b*
2
]
1/2 
Sodium and potassium content of surimi gels 
 
All glassware was washed overnight in a solution of 0.3 mol L
-1
 HCl in deionized 
distilled water (ddH2O) prior to use.  Ashed samples were dissolved in 2 mL of 7.7 mol L
-1
 nitric 
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acid.  The acidified samples were neutralized in 5 mL of ddH2O and filtered through Whatman 
#1 paper (Whatman International Ltd., Maidstone, United Kingdom).  Samples were diluted to 
volume with ddH2O in a 50 mL volumetric flask.  Sodium and potassium content were 
determined using inductively coupled plasma optical emission spectrometry (model P400, Perkin 
Elmer, Shelton, CN).  The measurements were performed in triplicate and mean values  
standard deviation are reported.   
 
Water activity (aw) measurement 
 
The surimi gel samples were equilibrated to 25°C for 2 h prior to the aw measurement.  
Water activity was measured at 25°C (±0.2°C) using an electronic dew-point water activity 
meter (Aqualab Series 4 model TE, Decagon Devices, Pullman, WA).  The aw meter was 
equipped with a temperature control to maintain a constant temperature and was calibrated with 
saturated salt solutions.  The measurements were performed in triplicate and mean values  
standard deviation are reported.   
 
Statistics  
 
The experiments were triplicated (n = 3).  In each triplicate at least eight measurements 
were performed for determination of Kramer shear force, TPA, and color (L*a*b*); and at least 
three for Na and K content as well as aw.  Data were subjected to one-way analysis of variance 
(ANOVA).  A significant difference was determined at 0.05 probability level and differences 
between treatments were tested using the Fisher’s Least Significant Difference (LSD) test (Freud 
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& Wilson, 1997).  All statistical analyses of data were performed using SAS (2002).  The data 
are reported as mean values  standard deviation (SD).   
 
Results and Discussion  
 
Texture properties of surimi gels 
 
Kramer shear force is often used for texture measurements of gelled meat products 
including surimi-based seafood (Gehring, Gigliotti, Moritz, Tou, & Jaczynski, 2011).  Kramer 
shear is considered an empirical test (Kim et al., 2005).  Surimi gels required higher (P<0.05) 
force to shear when salt or salt substitute was added up to 0.34 mol/L (Fig. 1).  However, the 
extent of this increase was generally slightly smaller for salt substitute.  Salt and salt substitute at 
0.51 mol/L caused a decrease (P<0.05) of shear force when compared to 0.34 and 0.17 mol/L.  
Gels with salt substitute at 0.51 mol/L resulted in similar (P0.05) shear force to surimi gels 
without salt or salt substitute (i.e., control treatment).  These results are in agreement with 
Martinez-Alvarez, Borderias, & Gomez-Guillen’s (2005) study who replaced NaCl with KCl in 
cod.  
Hardness of surimi gels increased (P<0.05) when salt or salt substitute was added at all 
tested concentrations (Fig. 2).   Salt (NaCl) results in a compaction of the myofibrillar structure, 
which in part explains the increased hardness in the present study (Shomer, Weinberg, & 
Vailiver, 1987).  Similar to Kramer shear stress, the level of hardness increase was slightly 
smaller (P<0.05) when salt substitute was added to surimi.  Gou, Guerrero, Gelabert, & Arnau 
(1995) and Gimeno, Astiasaran, & Bello (1999) also found that replacing NaCl with KCl results 
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in softer texture of restructured meat products.  Also, hardness of surimi gels decreased when 
0.51 mol/L of salt or salt substitute was added compared to 0.34 and 0.17 mol/L.  The texture 
results from the present study are in agreement with salt replacement studies in fish products 
(Iseya, Sugiura, & Saki, 1998) and dry-cured meat (Ruiz-Ramirez, Arnau, Serra, & Gou, 2005; 
Andres, Cava, Ventanas, Thovar, & Ruiz, 2004).   
Szczesniak (1963) defined springiness as “the rate at which a deformed material goes 
back to its undeformed condition after the deforming force is removed” and cohesiveness as “the 
strength of the internal bonds making up the body of the product”.  In the present study, 
springiness of surimi gels with salt and salt substitute was similar (P0.05); however, much 
higher (P<0.05) compared to the control (Table 2).  Gel cohesiveness, gumminess, chewiness, 
and resilience were generally slightly lower when salt substitute was added compared to 
respective salt concentration, but much higher (P<0.05) compared to the control.  Gimeno et al. 
(1999) showed similar trends. 
Based on the texture data from the present study, 0.34 mol/L of salt substitute may 
replace respective salt concentration in surimi-based seafood products.  
 
Color properties of surimi gels 
 
Surimi (mainly fish myofibrillar proteins) is used as a main and functional ingredient in 
surimi-based products.  Proper color along with texture are two critical quality attributes for 
surimi-based products.  Surimi is made by washing deboned fish mince with water to remove 
myoglobin, fat, and other impurities; thus, increasing lightness (L*) and decreasing redness (a*) 
and yellowness (b*).  Table 3 shows the tristimulus color values (L*a*b*) of surimi gels made 
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with salt and salt substitute.  The L* of surimi gels slightly decreased (P<0.05) from 88.7 to 86.8 
and a* decreased from 2.4 to -1.6 as salt concentration increased to 0.51 mol/L (Table 3).  As a 
result, whiteness of gels with salt slightly decreased (P<0.05) (Fig. 3).  Kang, Hunt, & Park 
(2008) also showed that addition of salt to Alaska pollock surimi decreases (P<0.05) whiteness.   
Surimi gels with salt substitute had generally comparable L* to the gels with respective 
salt concentration (Table 3).  However, a* and b* were generally slightly lower than the control 
samples and gels with respective salt concentration.  These results are in accordance with those 
obtained by Gimeno, Astiasaran, & Bello (1999) who studied the effects of NaCl replacement 
with KCl on color of fermented sausage.  In contrast, Gou, Guerrero, Gelabert, & Arnau (1995) 
showed that substitution of NaCl with KCl in cured meat did not affect color.  Leak, Kemp, Fox, 
& Langlois (1987) studied the color of cured ham in which NaCl was replaced with KCl.  They 
concluded that subjective evaluations of color and general appearance were not affected.  
Although instrumental color differences were detected in the present study, these differences 
were small.   
 
Na and K content of surimi gels 
 
Na and K content of surimi gels are presented in Fig. 4.  Significant reduction (P<0.05) of 
the Na content was achieved through the substitution of NaCl with the KCl-based salt substitute. 
Potassium has antihypertensive properties, and therefore, may counteract the negative effects of 
Na associated with elevating blood pressure in humans (McGuire & Beerman, 2007).  The 
muscle of saltwater fish contains a variety of salts that are equivalent to a solution with an ionic 
strength of 0.11-0.15 mol/L NaCl (Stefansson & Hultin, 1994; Lin & Park, 1996).  In addition, 
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small amounts of various forms of Na phosphates are added to surimi with cryoprotectants.  
Therefore, a low level of Na is expected in surimi-based seafood products.  The Na content of 
surimi gels with salt substitute was similar (P0.05) to control gels (i.e., without salt or salt 
substitute) at approximately 100 mg/100 g.  The recommended maximum intake of Na is 2,300 
mg/day.  If salt substitute is used to manufacture surimi-based seafood and the serving size is 
100 g, such seafood would contribute 4% of the 2300 mg/day maximum.  In contrast, if salt is 
used at 0.17-0.51 mol/L (equivalent of 1-3%), the 100-g serving of such seafood would 
contribute 16-44% of the 2300 mg/day maximum.  
According to the Dietary Reference Intakes from the Institute of Medicine, the Adequate 
Intake of potassium is 4,700 mg/day (McGuire & Beerman, 2007).  In the present study surimi 
gels made with salt substitute at 0.17, 0.34, and 0.51 mol/L KCl contained 395, 670, and 1033 
mg/100 g of K, respectively; while gels made with salt contained under 30 mg/100 g of K (Fig. 
4).  It has been estimated that a 600 mg/day increase of dietary K intake lowers blood pressure 
by 133 Pa (ICRG, 1988).  Also, increasing current K intake to the recommended level may 
reduce the risk of stroke mortality by 8-15% and the risk of heart disease mortality by 6-11% 
(ICRG, 1988).  This is of similar magnitude to what can be achieved by lowering dietary Na 
intake and highlights the importance of dietary strategies focusing on a simultaneous reduction 
of Na intake and increase of K intake.   
 
Water activity (aw) of surimi gels 
 
Salt (NaCl) preserves food by reducing aw.  The aw is a measure of water in food that is 
available for microbial growth and chemical reactions (Aberoumand, 2010).  The aw for surimi 
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gels is shown in Table 4.  One of the problems associated with using NaCl substitutes in 
restructured meat products is that the aw reduction may not be as strong as with NaCl (Ruiz, 
2007).  In the present study, salt and salt substitute reduced (P<0.05) aw in surimi gels.  The 
differences in aw between gels with salt and the salt substitute could be due to the fact that NaCl 
decreases aw more than KCl.  The values of parameter “B” characterizing electrolytes in the 
Pitzer-Bromley aw model are 0.057 and 0.024 for NaCl and KCl, respectively.  The aw results 
from the present study are also in agreement with Zanardi, Ghidini, Conter, & Ianieri (2010) and 
Alino et al. (2010) who studied the effects of NaCl replacement on physicochemical properties 
of salami and dry-cured loins, respectively.   
 
Conclusion 
 
The results indicate that surimi gels developed with salt substitute contained significantly 
less sodium, while their texture and color could be considered acceptable although slight 
modifications were detected.  This study points towards the potential for a reduced sodium 
surimi-based seafood product; however, sensory tests and storage stability study are 
recommended. 
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Table 1. Final batter formulations.  Batters with different levels of salt and salt substitute were formulated to contain 78 g/100 g 
moisture and equal amount of protein, water, and water-based crab flavor by using inert filler, silicon dioxide (SiO2).  The three levels 
of addition of salt and salt substitute were standardized based on equal molar concentration.  Salt contained over 99 g/100 g NaCl and 
salt substitute contained 68 g/100 g KCl; molecular weight (Mw) of NaCl = 58.5 g and Mw of KCl = 74.5 g.  Batch size was 1000 g.
SALT SALT SUBSTITUTE 
Filler – SiO2 
(g/1000 g) 
Surimi 
(g/1000 g) 
Water   
(g/1000 g) 
Crab flavor 
(g/1000 g) 
Batch weight 
(g) Molar 
concentration 
Weight 
(g/1000 g) 
Molar 
concentration 
Weight 
(g/1000 g) 
0.0 (control) 0.0 (control) 0.0 (control) 0.0 (control) 55.9 656.4 250.7 37.0 1000.0 
0.17  mol/L 10.0 0.0 0.0 45.9 656.4 250.7 37.0 1000.0 
0.34  mol/L 20.0 0.0 0.0 35.9 656.4 250.7 37.0 1000.0 
0.51  mol/L 30.0 0.0 0.0 25.9 656.4 250.7 37.0 1000.0 
0.0 0.0 0.17  mol/L 18.6 37.3 656.4 250.7 37.0 1000.0 
0.0 0.0 0.34  mol/L 37.3 18.6 656.4 250.7 37.0 1000.0 
0.0 0.0 0.51  mol/L 55.9 0.0 656.4 250.7 37.0 1000.0 
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Table 2. Effect of salt and salt substitute on texture profile analysis* (TPA) of surimi gels. 
 
 Control 
0.17 mol/L 
NaCl 
0.34 mol/L 
NaCl 
0.51 mol/L 
NaCl 
0.17 mol/L  
salt substitute 
0.34 mol/L  
salt substitute 
0.51 mol/L  
salt substitute 
Springiness 1.450.49 b 2.030.01 a 1.990.02 a 2.010.02 a 2.050.01 a 2.000.10 a 2.040.01 a 
Cohesiveness 0.370.03 d 0.690.01 b 0.720.02 a 0.690.02 b 0.660.02 c 0.660.02 c 0.650.02 c 
Gumminess 19526 f 126278 a 1290131 a 1136100 b 102899 c 93181 d 79164 e 
Chewiness 39452 f 2550163 a 2491278 a 2281199 b 2104206 c 1857199 d 1618131 e 
Resilience 0.480.06 a 0.380.01 bc 0.400.02 b 0.380.01 bc 0.350.01 d 0.360.01 d 0.360.01 cd 
 
* Data are given as mean ± SD (n = 3). Mean values in rows with different letters indicate significant differences (Least Squared 
Difference test; P<0.05). 
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Table 3. Effect of salt and salt substitute on color properties* of surimi gels. 
 
 Control 
0.17 mol/L 
NaCl 
0.34 mol/L 
NaCl 
0.51 mol/L 
NaCl 
0.17 mol/L  
salt substitute 
0.34 mol/L  
salt substitute 
0.51 mol/L  
salt substitute 
L* 88.90.3 a 88.70.6 a 87.41.0 b 86.80.3 c 88.90.8 a 87.10.4 bc 80.00.6 d 
a* 0.90.4 b 2.371.2 a -0.50.04 c -1.60.04 e -1.00.04 d -1.80.04 e -3.60.04 f 
b* 7.70.2 b 6.81.0 c 8.20.2 a 6.30.2 d 7.70.4 ab 5.20.1 e 1.70.4 f 
  
* Data are given as mean ± SD (n = 3). Mean values in rows with different letters indicate significant differences (Least Squared 
Difference test; P<0.05). 
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Table 4. Effect of salt and salt substitute on water activity (Aw) of surimi gels. 
 
 Control 
0.17 mol/L 
NaCl 
0.34 mol/L 
NaCl 
0.51 mol/L 
NaCl 
0.17 mol/L  
salt substitute 
0.34 mol/L  
salt substitute 
0.51 mol/L  
salt substitute 
Aw 
0.9910.001   
a 
0.9850.003 
bc 
0.9850.002 
bc 
0.9830.002    
c 
0.9880.001 
ab 
0.9910.004   
a 
0.9700.005   
d 
 
* Data are given as mean ± SD (n = 3). Mean values in rows with different letters indicate significant differences (Least Squared 
Difference test; P<0.05). 
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Figure 1. Effect of salt and salt substitute on Kramer shear force* of surimi gels.  
* Data are given as mean ± SD (n = 3).  The small bars of the top of data bars indicate SD.  Different letters on the top of SD bars 
indicate significant differences between mean values (Least Squared Difference test; P<0.05). 
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Figure 2. Effect of salt and salt substitute on hardness* of surimi gels.  
* Data are given as mean ± SD (n = 3).  The small bars of the top of data bars indicate SD.  Different letters on the top of SD bars 
indicate significant differences between mean values (Least Squared Difference test; P<0.05). 
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Figure 3. Effect of salt and salt substitute on whiteness* of surimi gels.  
* Data are given as mean ± SD (n = 3).  The small bars of the top of data bars indicate SD.  Different letters on the top of SD bars 
indicate significant differences between mean values (Least Squared Difference test; P<0.05). 
 
 
103 
 
d
c
b
a
d d d
d d d d
c
b
a
0
200
400
600
800
1000
1200
CONTROL 0.17 mol/L
NaCl
0.34 mol/L
NaCl
0.51 mol/L
NaCl
0.17 mol/L
salt substitute
0.34 mol/L
salt substitute
0.51 mol/L
salt substitute
N
a 
an
d
 K
 c
o
n
ce
n
tr
at
io
n
 (
m
g/
1
0
0
 g
) 
 
 
 
 
 
 
 
 
 
Figure 4. Effect of salt and salt substitute on sodium* and potassium* content of surimi gels. 
* Data are given as mean ± SD (n = 3). The small bars of the top of data bars indicate SD.  Different letters on the top of SD bars 
indicate significant differences between mean values within sodium or potassium content (Least Squared Difference test; P<0.05).
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Abstract 
Excessive consumption of sodium in processed food products containing salt (NaCl) 
contributes to cardiovascular disease (CVD).  Surimi-based seafood products are processed foods 
widely accepted worldwide.  A reduction of dietary sodium intake (i.e., from processed food) is a 
strategy to decrease the risk for CVD.  However, salt extracts myofibrillar proteins contributing 
to protein gelation, and therefore, proper texture in surimi-based seafood.  Low-sodium products 
are one of the current trends in favor with many health-conscious consumers.  Therefore, it is 
desirable, to develop reduced-sodium surimi-based seafood without affecting protein gelation 
and texture.  In this study, protein endothermic transitions (thermal denaturation), rheological 
properties (protein gelation), and fundamental texture properties (shear stress and strain at 
mechanical fracture) of Alaska pollock surimi gels made with 0 (control), 1, 2, and 3 g/100 of 
salt (NaCl) were determined and compared with equal molar concentration of salt substitute.  
Salt and salt substitute shifted the onset of myosin transition to higher temperature and resulted 
in larger myosin peaks (i.e., transition enthalpy).  Endothermic transitions showed similar trends 
to rheological properties.  The elastic modulus (G’) increased when salt or salt substitute was 
added to surimi except the highest concentration of salt and salt substitute.  Salt and salt 
substitute also induced the onset of protein gelation (i.e., as measured by significant increase of 
G’) at lower temperature.  Surimi gels with salt substitute and salt at equal molar concentrations 
had similar texture properties (shear stress and strain).  Based on the present study, salt substitute 
can be used in the development of low-sodium surimi seafood products without significant 
change in gelation and texture.  However, sensory and microbial storage stability studies are also 
recommended. 
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Introduction 
 
The health impacts of excessive sodium consumption have been well-researched 
including high blood pressure, heart disease, and stroke.  It has been estimated that processed 
food products are responsible for 80% of the excessive sodium consumption in the United States.  
This is why reduction or replacement of salt (NaCl) at the food processing level has the greatest 
potential to reduce sodium-related health issues.  Food processors have been under increasing 
pressure to reduce sodium content in food products.  However, this presents challenges for 
sensory quality and food safety of processed food products.  The American Heart Association 
(AHA), Centres for Disease Control and Prevention (CDC), and the U.S. Food and Drug 
Administration (FDA) have been working on sodium reduction in processed food products by 
50% (CDC, 2009). 
Restructured fish products such as surimi-based flavored seafood products are examples 
of typical processed foods.  Salt (NaCl) at 2-3 g/100 g is typically added during manufacturing of 
surimi seafood.  Among many functions, salt extracts fish myofibrillar proteins in surimi 
resulting in a viscous protein paste that transitions into elastic surimi gel during cooking, and 
thus, proper texture and other sensory attributes are developed in final surimi seafood products.  
Salt concentration is critical because it affects the amount of extracted surimi protein, and 
therefore, has an effect on protein gelation.  Less salt typically has a negative effect on the 
functional and mechanical properties of restructured fish products such as surimi seafood (Pedro 
& Nunes, 2007; Tahergorabi et al., 2011b). 
107 
 
In general, strategies for reducing sodium content in processed food products have 
focused on: (1) lowering the concentration of added salt (NaCl); (2) replacing all or part of the 
salt (NaCl) by other chloride salts (KCl, CaCl2, and MgCl2), flavors, and preservatives; and (3) 
combinations of the above approaches.  Most attention has been focused on KCl.  Many 
commercial products utilize KCl as a partial replacer for NaCl (Gelabert, Gou, Guerrero, & 
Arnau, 2003; Riera, Martinez, Salcedo, Juncosa, & Sellart, 1996; Ruusunen & Puolanne, 2005).  
Unlike sodium, which increases hypertension, K has antihypertensive properties and much 
higher recommended maximum intake level than sodium (sodium – 2,300 mg/day, potassium – 
4,700 mg/day) (Geleijnse, Witteman, Bak, den Breeijen, & Grobbee, 1994; McGuire & 
Beerman, 2007). 
Similar to other muscle protein sources, fish myofibrillar proteins have the ability to form 
a stable 3-dimensional gel network when subjected to heat.  Ionic strength (i.e., type of salt and 
its concentration) is an important factor that influences protein behavior during cooking, 
affecting protein endothermic transitions (i.e., protein thermal denaturation), rheological 
properties (i.e., protein gelation), and ultimately texture.  Textural properties are one of the 
critical quality attributes for surimi seafood.  Many studies have qualitatively compared the 
changes in endothermic transitions and rheological properties of seafood proteins during heat-
induced gelation (Autio, Kiesvaara, & Polvinen, 1989; Hamann, 1992; Yoon, Kim, & Park, 
1999; Kim & Park, 2000; Benjakul, Visessanguan, Ishizaki, & Tanaka, 2001a; Ni, Nozawa, & 
Seki, 2001; Ferry, 1980).  The fundamental texture properties, shear stress and strain of surimi 
seafood gels can be determined with torsion test at mechanical fracture (Kim, Park, & Yoon, 
2005).  Torsion test strongly correlates with sensory tests (Hamann & MacDonald, 1992).  
Differential scanning calorimetry (DSC) and oscillatory dynamic rheology are typically used to 
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determine protein endothermic transitions (thermal denaturation) and rheological properties 
(protein gelation), respectively.   
It is hypothesized that salt (NaCl) and equal molar concentration of KCl-based salt 
substitute will result in similar endothermic transitions, rheological properties, and texture of 
surimi gels.  To test this hypothesis, surimi pastes with 1, 2, and 3 g/100 g of salt (NaCl) and 
equal molar concentrations of KCl-based salt substitute were prepared, heated, and their 
properties determined and compared.  The objectives of this study were to compare (1) protein 
endothermic transitions (thermal denaturation) using DSC (2) rheological properties (protein 
gelation) using oscillatory dynamic rheometer, and (3) fundamental texture properties using 
torsion shear stress and strain at mechanical fracture of heat-set surimi gels made with salt 
(NaCl) and KCl-based salt substitute. 
 
Materials and Methods 
 
Surimi 
 
Frozen Alaska pollock surimi grade A was purchased from Trident Seafoods Corp. 
(Seattle, WA). Surimi contained cryoprotectants (4 g/100 g of sorbitol and 4 g/100 g of sucrose), 
0.15 g/100 g of sodium tripolyphosphate, and 0.15 g/100 g of tetrasodium pyrophosphate.  
Frozen surimi blocks (10 kg each) were shipped overnight in heavily insulated industrial strength 
boxes filled with ice.  Upon arrival surimi blocks were cut into approximately 800 g units, 
vacuum-packaged and stored at -80°C until needed. 
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Preparation of Alaska pollock surimi paste 
 
Surimi pastes with different concentration of salt (NaCl) and KCl-based salt substitute 
were prepared by using a previously described procedure (Jaczynski & Park, 2003; 2004; 
Taskaya, Chen, & Jaczynski, 2009; 2010).  Frozen surimi was thawed at 4°C for 24 h followed 
by chopping in a universal food processor (Model UMC5, Stephan Machinery Corp., Columbus, 
OH) at low speed for 1 min.  In order to make surimi paste, myofibrillar proteins were extracted 
with NaCl (non-iodized Morton® salt, Morton International Inc., Chicago, IL) (hereafter called 
salt) or KCl-based salt substitute (AlsoSalt® sodium-free salt substitute, AlsoSalt, Maple Valley, 
WA) (hereafter called salt substitute).  The salt substitute contained 68 g/100 of KCl and L-
lysine mono-hydrochloride and calcium stearate.  According to the manufacturer, the patented L-
lysine derivative masks the metallic-bitter aftertaste of KCl.  Salt was added to surimi at 10.0, 
20.0, and 30.0 g per 1000 g batch (0.17, 0.34, and 0.51 M of NaCl, respectively).  In order to add 
the same number of KCl and NaCl molecules to the surimi paste, salt substitute was added at the 
same, equal molar concentrations as salt.  Thus, 0.17, 0.34, and 0.51 M correspond to 18.6, 37.3, 
and 55.9 g of salt substitute per 1000 g batch [e.g.; 0.17 M * 74.5 g * (100/68) = 18.6 g; 
molecular weight of KCl = 74.5].  Hereafter, only molar concentrations of salt and salt substitute 
will be used.  After adding salt or salt substitute, chopping at low speed for 0.5 min resulted in 
surimi paste.  A surimi paste without salt or salt substitute was also prepared and used as a 
control treatment.  The experimental treatments are listed in Table 1.  
Following chopping, final moisture content of surimi paste was adjusted to 78 g/100 g by 
adding water (ice).  Fish myofibrillar proteins are a gelling agent in surimi.  The protein 
concentration along with moisture content is responsible for texture properties of heat-set surimi 
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gels.  Therefore, in order to maintain the same protein concentration and moisture content for all 
treatment groups, but variable concentration of salt and salt substitute, silicon dioxide (SiO2) was 
added to surimi paste as inert filler (Table 1).  Silicon dioxide is inert and does not contribute to 
texture development.  This formulation allowed determination of salt and salt substitute 
contribution to the gel texture without confounding factors associated with different protein 
concentration and water content.  Crab-flavored surimi seafood typically contains crab flavor.  
Water-soluble crab flavor (F-11019, Activ International, Mitry-Mory Cedex, France) was added 
to the surimi paste at 3.7 g/100g (Perez-Mateos, Boyd, & Lanier, 2004).  Surimi paste with 
added water (ice), SiO2, and crab flavor was mixed in the universal food processor (Model 
UMC5, Stephan Machinery Corp., Columbus, OH) at low speed for 1 min.  Additional mixing 
was performed at high speed under vacuum (0.5 bar) for the last 3 min.  The paste temperature 
was controlled at 1-4°C during entire paste preparation.   
Pastes prepared in this manner were used to determine protein endothermic transitions 
with a differential scanning calorimeter and rheological properties (storage modulus, G’) with a 
dynamic rheometer as well as to develop surimi gels for torsion test. 
 
Differential scanning calorimetry (DSC) 
 
Alaska pollock surimi pastes were tested to determine the net heat energy (enthalpy, ∆H) 
as well as the onset (Tonset) and maximum (Tmax) temperatures for endothermic transitions of 
myosin and actin using differential scanning calorimeter (DSC Infinity Series F5010, Instrument 
Specialists, Inc., Spring Grove, IL).  Approximately 20 mg of surimi paste was hermetically 
sealed in an aluminum pan and scanned between 20 and 90C at a heating rate of 10C/min (Park 
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& Lanier, 1989; Yongswatdigul & Park., 2004; Taskaya et al., 2009).  Careful attention was paid 
to ensure good contact between the paste sample and the bottom of the aluminum pan.  
Temperature calibrations were performed prior to measurements according to the manufacturer 
and an empty pan was used as reference.  The thermogram, ∆H (J/g), Tonset (°C), and Tmax (°C) 
are reported as mean values of five DSC measurements per treatment. 
 
 Oscillatory dynamic rheology 
 
The non-destructive gelation properties of Alaska pollock surimi pastes were determined 
using a cone and plate geometry attached to a dynamic rheometer (Bohlin CVOR 200, Malvern 
Instruments Ltd., Worcestershire, UK) in oscillation mode.  Once the sample was pressed by 
lowering the cone, the excess sample was removed.  The gap between the cone and peltier plate 
was adjusted to 150 µm.  The storage modulus (G’) was measured with a temperature increasing 
from 25 to 90C at the heating rate of 1C/min (Chen & Jaczynski 2007a; 2007b; Taskaya et al., 
2009).  Tests were conducted at 1% strain and 0.1 Hz frequency.  A plastic cover supplied by the 
manufacturer was used to prevent moisture evaporation during measurement.  The rheogram is 
reported as a mean value of three measurements of elastic modulus (kPa) per treatment. 
 
Development of Alaska pollock surimi gels for torsion test 
 
Following formulation, surimi pastes were separately stuffed into hour-glass pre-molded 
stainless steel torsion tubes (length = 17.5 cm, end diameter = 1.9 cm, midsection diameter = 1.0 
cm) with screw end caps for determination of shear stress and strain at mechanical fracture using 
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torsion test (Kassis, Drake, Beamer, Matak, & Jaczynski, 2010; Pietrowski, Tahergorabi, Matak, 
Tou, & Jaczynski, 2011).  The tubes were heated in a water bath at 90C for 15 min.  Following 
heating, tubes were chilled in ice slush and surimi gels were removed for the torsion test.  
Torsion test was performed according to the previously described procedure (Tahergorabi et al., 
2011a).  The gel samples were equilibrated to room temperature for 2 h prior to the 
measurement.  At least eight hour-glass gels (length = 2.9 cm, end diameter = 1.9 cm, and 
midsection diameter = 1.0 cm) per treatment were subjected to torsional shear using a Hamman 
Gelometer (Gel Consultant, Raleigh, NC) set at 2.5 rpm.  Shear stress (kPa) and shear strain (no 
units, the ratio between gel’s deformation length and gel’s initial length) at mechanical fracture 
were measured to determine gel strength and gel cohesiveness, respectively (Kim et al., 2005). 
There are several types of texture measurements, with each method providing slightly 
different information.  Torsion test is considered a fundamental test for texture, while for 
example texture profile analysis (TPA) and Kramer shear test are empirical tests (Kim et al., 
2005).  Therefore, torsion test is a preferred methodology for determination of fundamental 
texture properties. 
 
Statistics  
 
The experiments were independently triplicated (n = 3).  In each triplicate at least five 
DSC tests, three storage modulus measurements, and eight torsion tests were performed.  A 
significant difference was determined at 0.05 probability level and differences between 
treatments were tested using the Fisher’s Least Significant Difference (LSD) test (Freud & 
Wilson, 1997).  All statistical analyses of data were performed using SAS (2002).  The data are 
reported as mean values  standard deviation (SD). 
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Results and Discussion 
 
Endothermic transitions of surimi proteins 
 
Differential scanning calorimetry (DSC) is often employed to study the effects of various 
treatments on thermal behavior of seafood proteins and other protein sources.  Thermal 
unfolding, the initial event of protein denaturation, requires heat input (i.e., endothermic 
reaction) that disrupts hydrogen bonds stabilizing the 3-dimentional, native structure (Privalov & 
Khechinashvili, 1974).  Surimi is manufactured by extensive washing of mechanically deboned 
and minced fish muscle to remove impurities including sarcoplasmic proteins.  Therefore, surimi 
contains mainly myofibrillar proteins.  Surimi is the main and functional ingredient in the 
restructured seafood products called surimi seafood (e.g., crab-flavored seafood).  The surimi 
myofibrillar proteins in their native structure typically have excellent gel-forming ability, a 
protein functionality that surimi seafood depends on for the development of the desired texture 
(Park & Lanier, 1989). 
 Endothermic transitions of surimi myofibrillar proteins with added salt and salt substitute 
are shown in Fig. 1 and Table 2.  DSC detects endothermic peaks representing heat uptake by the 
protein structure as it gradually unfolds upon heating and transitions into its denatured structure 
(Spink, 2008).  There are typically two peaks.  The first peak corresponds to endothermic 
transition of myosin and the second to actin (Wright, Leach, & Wilding, 1977).  A typical 
thermogram for surimi without salt or salt substitute (control in Fig. 1) was recorded showing the 
onset of myosin transition at 31°C (Table 2).  It is important to note that at this resolution of 
DSC, the actin peak for was not detected.  The addition of salt and salt substitute shifted 
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endothermic transition of myosin to higher temperature and resulted in larger size of myosin 
peaks (and ΔH).  This suggests that in the presence of salt or salt substitute myosin requires more 
heat (i.e., higher temperature) to initiate unfolding, but once started, it unfolds to a greater extent.  
This greater extent of myosin unfolding is likely indicative of its lower stability due to increased 
salt concentration.  Salt caused more profound transition of myosin than the salt substitute as 
shown by the greater size of myosin peaks (and ΔH) even though salt and salt substitute were 
added to surimi at the same molar concentration (i.e., the same number of NaCl and KCl 
molecules).  These findings are in accordance with Fernandez-Martin, Fernandez, Carballo, & 
Jimenez-Colmenero (2000) who reported that addition of salt (NaCl) to pork and chicken meat 
batters increased the onset temperature and extent of protein denaturation.  In contrast, Park and 
Lanier (1989) showed that salt addition shifted protein transition to lower temperature and 
decreased the transition enthalpy (ΔH).   
 
Dynamic rheological properties of surimi proteins 
 
Unlike other heat-set food gels, surimi gels exhibit rubber-like elastic properties at high 
water content (>75%) because surimi myofibrillar proteins efficiently form covalent and non-
covalent bonds (Niwa, 1992; Lee, Lanier, & Hamann, 1997; Benjakul et al., 2001a; Benjakul, 
Visessanguan, & Srivilai 2001b).  This elastic behavior translates into textural properties of 
surimi seafood, one of the most critical quality attributes.  Thus, rheology is the primary 
technique for quality control of surimi seafood.  The elastic modulus (G’) is a measure of gel’s 
ability to be non-permanently deformed.  The G’ is often employed to characterize a transition 
from viscous protein paste to a solid, but elastic gel. 
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A typical G’ pattern for Alaska pollock surimi paste was recorded (Fig. 2).  When salt or 
salt substitute was added to surimi the G’ showed only marginal change until 55°C, followed by 
a marked increase which leveled at approximately 75°C.  However, for surimi without salt or salt 
substitute, the marked increase started at about 60°C and stabilized at 80°C.  The increase in 
elasticity (i.e., G’) has been attributed to the ordered protein aggregation followed by formation 
of the 3-dimentional gel network with water entrapped in the gel matrix (Dileep, Shamasundar, 
Binsi, Badii, & Howell, 2005).  Addition of salt or salt substitute resulted in increased G’ (except 
0.51 M) when compared to the control treatment (i.e., no salt or salt substitute), which confirms 
larger myosin DSC peaks (Fig. 1).  However, G’ decreased with increasing the salt and salt 
substitute concentration.  This decrease might have been due to denaturation of the myosin tail 
(light mermyosin) which induced the redistribution of inter- and intra-molecular forces, thereby 
weakening the elastic component of the pre-gel structure and leading to increased fluidity 
(Egelansdal, Martinsen, & Autio, 1995).   
Overall, the G’ patterns for Alaska pollock surimi with salt and salt substitute were 
similar.  This is in accordance with Lian et al. (2002) who partially replaced NaCl with KCl in 
surimi gels.  The Cl
-
 is thought to be responsible for the effect of NaCl on the myofibrillar 
proteins because it interacts strongly with the positive charges on the protein, while Na
+
 is only 
weakly bound (Puolanne & Terrell, 1983; Asghar, Samejima, & Yasui, 1985).  The present study 
confirms this hypothesis that Cl
-
 is the main contributor to gel formation since the substitution of 
NaCl with KCl did not significantly alter surimi gelation pattern (i.e., G’).  Based on the nuclear 
magnetic resonance, Belton, Packer, & Southon (1987) found that the Cl
-
 causes repulsion of 
myofibrillar proteins regardless of the presence of cation.  The rheological properties (Fig. 2) 
showed similar trends to the DSC thermograms (Fig. 1) confirming that the addition of salt or 
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salt substitute increases protein unfolding, leading to greater denaturation and eventually to the 
development of a more elastic surimi gel. 
 
Fundamental texture properties of surimi gels  
 
The shear stress and strain at fracture determined with the torsion test are considered a 
fundamental test for texture properties because they provide objective texture measurements 
(Kim et al., 2005).  Shear stress and strain of Alaska pollock surimi gels with different 
concentrations of salt and salt substitute are shown in Fig. 3.  Alaska pollock surimi typically 
results in excellent gel texture.  Therefore, grade A of this surimi was used in the present study to 
determine the effects of salt substitution on gel texture.  Torsion shear stress and strain indicate 
strength and cohesiveness of surimi gels, respectively (Kim et al., 2005).  Alaska pollock surimi 
gels with salt substitute had similar (P > 0.05) strength and cohesiveness to the surimi gels with 
salt at equal molar concentrations.  Addition of salt and salt substitute increased (P < 0.05) gel 
strength approximately by two fold compared to the strength of surimi gels without salt or salt 
substitute.  However, gel strength and cohesiveness decreased (P < 0.05) for the highest 
concentration (0.51 M) of both, salt and salt substitute.  Therefore, based on the present study, 
the optimum level of salt or salt substitute for texture development of surimi seafood is 0.34 M.  
At this level, surimi gels made with salt or salt substitute had the highest, but similar (P > 0.05) 
strength and cohesiveness.  The torsion data also confirms the rheology (Fig. 2) and DSC (Fig. 1) 
trends.  The addition of salt substitute results in similar texture of surimi seafood as salt, while 
reducing sodium content in final product.   
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Conclusions  
 
The effect of salt and salt substitute on protein endothermic transitions (thermal 
denaturation), rheological properties (protein gelation), and fundamental texture properties of 
Alaska pollock surimi were determined and compared.  Salt and salt substitute shifted the onset 
of myosin transition to higher temperature and resulted in larger myosin peaks (i.e., transition 
enthalpy).  Endothermic transitions showed similar trends to rheological properties.  The elastic 
modulus (G’) increased when salt or salt substitute was added to surimi except the highest 
concentration of salt and salt substitute.  Salt and salt substitute also induced the onset of protein 
gelation (i.e., as measured by significant increase of G’) at lower temperature.  Surimi gels with 
salt substitute and salt at equal molar concentrations had similar texture properties (shear stress 
and strain).  Based on the present study, salt substitute can be used in the development of low 
sodium surimi seafood products without significant change in gelation and texture.  Further 
studies are suggested to determine sensory quality and microbial storage stability. 
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Table 1. Final batter formulations.  Batters with different levels of salt (NaCl) and KCl-based salt substitute were formulated to 
contain 78% moisture and equal amount of surimi (protein + cryoprotectants), water, and water-based crab flavor by using inert filler, 
silicon dioxide (SiO2).  The three levels of addition of salt (NaCl) and KCl-based salt substitute were standardized based on molar 
concentration.  The salt was 100% NaCl and the salt substitute was 68% KCl; molecular weight (Mw) of NaCl = 58.5 g and Mw of KCl 
= 74.5 g.  Batch size was 1000 g. 
 
 
 
 
SALT (NaCl) KCl-BASED SALT SUBSTITUTE 
Filler – SiO2 
(g/1000 g) 
Surimi 
(g/1000 g) 
Water  
(g/1000 g) 
Crab flavor 
(g/1000 g) 
Batch weight 
(g) Molar 
concentration 
Weight 
(g/1000 g) 
Molar 
concentration 
Weight 
(g/1000 g) 
0.0 (control) 0.0 (control) 0.0 (control) 0.0 (control) 55.9 656.4 250.7 37.0 1000.0 
0.17 M 10.0 0.0 0.0 45.9 656.4 250.7 37.0 1000.0 
0.34 M 20.0 0.0 0.0 35.9 656.4 250.7 37.0 1000.0 
0.51 M 30.0 0.0 0.0 25.9 656.4 250.7 37.0 1000.0 
0.0 0.0 0.17 M 18.6 37.3 656.4 250.7 37.0 1000.0 
0.0 0.0 0.34 M 37.3 18.6 656.4 250.7 37.0 1000.0 
0.0 0.0 0.51 M 55.9 0.0 656.4 250.7 37.0 1000.0 
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Table 2. The onset (Tonset) and maximum (Tmax) temperatures for endothermic transitions and net 
heat energy (enthalpy, ∆H) required for these transitions to occur in surimi pastes with NaCl and 
salt substitute.  The Tonset, Tmax, and ∆H were determined from differential scanning calorimetry 
(DSC) thermograms (Fig. 2). 
 
 
Treatment Tonset (°C) Tmax (°C) ∆H (J/g) 
Control 31.37 39.96 5.55 
0.17 M NaCl 36.77 56.24 37.56 
0.34 M NaCl 38.71 49.92 18.88 
0.51 M NaCl 37.78 52.01 12.16 
0.17 M salt substitute 35.81 45.14 2.60 
0.34 M salt substitute 31.12 48.76 13.77 
0.51 M salt substitute 43.20 63.02 8.29 
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Figure 1. Differential scanning calorimetry (DSC) thermograms of surimi pastes with NaCl and 
salt substitute. 
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Figure 2. Average elastic modului (G’) of surimi pastes with NaCl and salt substitute.  
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Figure 3. Effect of salt and salt substitute on torsion shear stress and strain at mechanical fracture of surimi gels (● – shear stress; ○ – 
shear strain).  Bars on data points indicate standard deviation (SD).  Different letters on the top of SD bars indicate significant 
differences (Fisher’s Least Significant Difference (LSD) test, P < 0.05, n= 3). 
127 
 
CHAPTER 4 
 
 
 
 
 
 
 
Development of functional fish product from isoelectrically 
recovered protein with ω-3 rich oils and salt substitute 
 
 
 
 
 
 
 
Tahergorabi R, Beamer S, Matak K, Jaczynski, J. (2012). Food 
Chemistry, To be submitted for publication. 
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Abstract 
Fish processing generates large quantities of by-products. There is a large potential for 
reducing the amount of discarded materials and produce value-added products for human 
consumption. On the other hand, Western diet is characterized as low in ω-3 fatty acids (FAs) 
and high in ω-6 FAs. Due to the cardioprotective effect of ω-3 FAs there is an increasing demand 
to enhance diet with these oils. In the present study, trout protein isolate was enriched with ω-3 
FAs (flaxseed, algae, fish, krill and blend). The objectives of this study were to characterize 
effects of ω-3 FAs incorporation on (1) FA profile and oxidation, (2) total volatile basic nitrogen 
(TVBN) and (3) texture of the nutritionally-enriched trout gels. Addition of flaxseed oil 
increased (P<0.05) α-linolenic acid (ALA, 18:3ω-3), algae, docosahexaenoic acid (DHA, 22:6ω-
3), and fish and krill – DHA and eicosahexaenoic acid (EPA, 20:5ω-3) content of fish gels. 
Atherogenic and thrombogenic values were lower (P<0.05) than those found in beef or chicken, 
indicating that trout gels enriched with PUFA rich oils can be considered healthful food in terms 
of the risk of cardiovascular diseases. Lipid oxidation in gels following cooking was minimal. 
TVBN contents were low. Texture analysis (torsion test) showed that addition of ω-3 FAs-rich 
oils improve gel strength and cohesiveness.   
 
 
Keywords:  isoelectric solubilization/precipitation, fish processing by-products, fish fatty acid 
profile, flaxseed oil, algae oil, fish oil, krill oil, functional food products 
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Introduction 
Globally, fish provide 20 and 15% of the total dietary intake of animal protein for 1.5 and 3 
billion people, respectively.  In 2007, global consumption of fish was 17.1 kg per capita, 
accounting for 6.2% of all proteins consumed (FAO, 2008).  A global decline in marine fish 
stocks has become a widely disputed and publicized issue.  Freeman et al. (2006) estimated that 
the amount of large marine fish is 10% of their original stocks prior to global industrialization.  It 
has also been stated that by mid-21
st
 century most commercial fisheries may collapse (Mooney, 
Nichols, & Elliott, 2002).  These declines, when coupled with increasing human population 
necessitate a development of processing strategies to maximize the recovery of functional and 
nutritious fish muscle proteins from low-value/underutilized species and fish processing by-
products.  The recovered proteins would be subsequently used in value-added seafood products 
destined for human consumption.   
Isoelectric solubilization/precipitation (ISP) allows selective, pH-induced water solubility 
of muscle proteins with concurrent separation of lipids and removal of materials not intended for 
human consumption such as bones, skin, scales, etc.  Muscle protein isolates from fish have thus 
far been recovered using ISP in a batch mode at the laboratory-scale (Choi & Park, 2002; Kim, 
Park, & Choi, 2003; Kristinsson & Hultin, 2003; Undeland, Kelleher, & Hultin, 2002) and pilot-
scale (Mireles DeWitt, Nabors, & Kleinholz, 2007).  The ISP processing has been applied to beef 
and fish processing by-products (Mireles DeWitt, Gomez, & James, 2002; Chen & Jaczynski, 
2007a; 2007b).  Most recently, ISP has been used to recover a muscle protein isolate from 
chicken meat by-products (Tahergorabi, Beamer, Matak, & Jaczynski, 2011a, b).  The ISP 
processing allows high protein recovery yields, while significantly reducing fat content (Chen & 
Jaczynski, 2007b; Taskaya, Chen, Beamer, & Jaczynski, 2009b).  Recovered protein isolates 
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retain functional properties and nutritional value (Chen, Tou, & Jaczynski, 2007, 2009; Gigliotti, 
Jaczynski, & Tou, 2008; Nolsoe & Undeland, 2009; Taskaya, Chen, & Jaczynski, 2009a; 
Taskaya, Chen, Beamer, Tou, & Jaczynski, 2009c).  Due to extreme pH during ISP, this 
technology results in a non-thermal microbial reduction (Lansdowne, Beamer, Jaczynski, & 
Matak, 2009a; Lansdowne, Beamer, Jaczynski, & Matak, 2009b).  Therefore, ISP offers several 
advantages over mechanical filleting and may be a useful technology to recover functional and 
nutritious protein isolates from whole gutted fish (i.e., without prior filleting) or fish processing 
by-products for subsequent application in value-added food products. 
Western diet is characterized by the increased dietary intake of saturated fat, ω-6 fatty 
acids (ω-6 FAs), and trans-FAs, as well as decreased intake of ω-3 FAs.  As a result, the ratio of 
ω-6 FAs to ω-3 FAs is at 15-20 to 1, instead of the recommended 1 to 1 (Eaton & Konner, 1985; 
Eaton, Konner, & Shostak, 1988; Simopoulos, 1991, 1999a, b, c).  Alpha-linolenic (ALA, 18:3ω-
3), eicosapentaenoic (EPA, 20:5ω-3) and docosahexaenoic acids (DHA, 22:6ω-3) are the main 
ω-3 polyunsaturated FAs (ω-3 PUFAs), while linoleic (LA, 18:2ω-6) and arachidonic acids (AA, 
20:4ω-6) are the main ω-6 PUFAs in aquatic animals (Chen, Nguyen, Semmens, Beamer, & 
Jaczynski, 2006).  There is increasing interest in the fortification of food products with ω-3 
PUFAs because of their health benefits, especially the reduction of cardiovascular disease (CVD) 
(Nair, Leitch, Falconder, & Garg, 1997).  According to the American Heart Association, CVD 
has had an unquestioned status of the number one cause of death in the U.S. since 1921 
(American Heath Association, 2009).  In 2004, the Food and Drug Administration (FDA) 
approved a health claim for reduced risk of CVD for foods containing ω-3 PUFAs, mainly EPA 
and DHA (FDA, 2004).  This provided a marketing leverage for functional foods fortified with 
ω-3 PUFAs and initiated a development of food products addressing the diet-driven CVD.  
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Anderson and Ma (2009) provided an up-to-date and comprehensive review of health benefits 
specific for ALA, EPA, and DHA.  Since the seafood products developed from the ISP-
recovered fish protein isolate would be formulated products associated with aquatic sources, they 
are a logical vehicle for increasing the consumption of ω-3 PUFAs; and therefore, addressing the 
diet-driven CVD without the need for dietary supplements in a pill or capsule form. 
The overall objective of this study was to recover a fish protein isolate by ISP from whole 
gutted rainbow trout (bone-in, skin- and scale-on) as a model for fish processing by-products.  
The ISP-recovered isolate was subsequently used for the development of heat-gelled functional 
seafood product enhanced with ω-3 PUFAs.  Specific objectives were to determine (1) FA 
composition including indices of atherogenicity and thrombogenicity, (2) lipid oxidation, (3) 
protein degradation, and (3) fundamental texture properties of fish protein isolate gels enhanced 
with ω-3 PUFAs-rich oils (flaxseed, fish, algae, krill, and blend (flaxseed:algae:fish, 8:1:1)). 
 
Materials and methods 
 
 Sample preparation and recovery of fish protein isolate with isoelectric 
solubilization/precipitation 
 
Whole gutted rainbow trout (bone-in, skin- and scale-on) were purchased from a local 
aquaculture farm.  Whole gutted trout were used as a model for fish processing by-products.  The 
fish were subjected to isoelectric solubilization/precipitation (ISP) to recover muscle protein 
isolate.  A processing flowchart for the recovery of fish protein isolate and subsequent 
development of heat-set gels is shown in Figure 1.   
132 
 
The fish were ground (meat grinder model 812 with 2.3 mm grinding plates, Biro, 
Marblehead, OH) followed by homogenization with distilled and de-ionized water (dd H2O) at 
1:6 ratio (ground fish:water, w:v) using a laboratory homogenizer (PowerGen 700, Fisher 
Scientific, Fairlawn, NJ) set at speed five for five minutes.  During the entire ISP processing, 
temperature was carefully controlled at 4C.  The processing time did not exceed 60 min.  The 
homogenization/mixing was continued with the PowerGen homogenizer set at speed three during 
subsequent pH adjustment steps. 
A 6 L of the homogenate was transferred to a beaker and the pH was adjusted to 
11.50±0.05 with 5 and 0.5 mol L
-1
 NaOH (Tahergorabi et al. 2011a; Chen & Jaczynski, 2007a, b; 
Taskaya, Chen, Beamer, & Jaczynski, 2009a).  The 5 and 0.5 mol L
-1
 reagents were used for 
crude and fine pH adjustments, respectively, during both protein solubilization and subsequent 
precipitation (pH = 5.5) (see below).  Once the desired pH was obtained, the solubilization 
reaction was allowed to take place for 10 min, followed by centrifugation at 10,000 x g and 4C 
for 10 min using a laboratory batch centrifuge (Sorvall Evolution RC Refrigerated Superspeed 
centrifuge equipped with Sorvall Fiber Lite rotor SLC-6000, Sorvall Centrifuges, Asheville, 
NC).  The centrifugation resulted in three layers: top – fish oil, middle – fish muscle protein 
solution, and bottom – insolubles (bones, skin, insoluble proteins, membrane lipids, etc.). 
The fish muscle protein solution was collected and its pH was adjusted to 5.50±0.05 by 5 
and 0.5 mol L
-1
 HCl to precipitate the proteins.  Once the desired pH was obtained, the 
precipitation reaction was allowed to take place for 10 min.  The solution with precipitated 
proteins was de-watered by centrifugation as above.  The centrifugation resulted in two layers: 
top – process water, and bottom – precipitated and de-watered fish proteins isolate.  The 
precipitated and de-watered fish protein isolate was collected.  The final moisture of the isolate 
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was adjusted to 82 g/100 g by manual squeezing of the isolate wrapped in a cheese cloth.  The 
isolate was used in the preparation of fish protein isolate paste. 
 
Preparation of fish protein isolate paste 
 
Fish protein isolate pastes were made using the procedure described by Jaczynski & Park 
(2004).  The ISP-recovered protein isolates were chopped in a universal food processor (Model 
UMC5, Stephan Machinery Corp., Columbus, OH) at low speed for 1 min.  A fish protein paste 
was obtained by extracting myofibrillar proteins in the fish protein isolate with 0.34 M of KCl-
based salt substitute (AlsoSalt® sodium-free salt substitute, AlsoSalt, Maple Valley, WA) and 
chopping at low speed for 0.5 min in the universal food processor.  This level of salt substitute 
was found optimal and similar to salt (NaCl) in terms of protein gelation and endothermal 
transitions as well as texture and color in heat-set fish protein gels (Tahergorabi & Jaczynski, 
2012; Tahergorabi, Beamer, Matak, & Jaczynski, 2011c).  The concentration of 0.34 M of the 
salt substitute was equivalent to 2 g of NaCl per 100 g of the fish protein isolate. The salt 
substitute contained 68 g of KCl per 100 g of the salt substitute and L-lysine mono-
hydrochloride and calcium stearate.  According to the manufacturer, the patented L-lysine 
derivative masks the metallic-bitter aftertaste of KCl.  
Final moisture content of the fish protein isolate paste was adjusted to 68 g/100 g  by 
adding functional additives at the following final concentrations (w:w): 10 g/100 g of a ω-3 
PUFAs-rich oil (see below), 3.7 g/100 g crab flavor (F-11019, Activ International, Mitry-Mory 
Cedex, France), 2 g/100 g of potato starch (PS) (Penbind 1000 modified potato starch, Penford 
Food Ingredients Corp., Centennial, CO), 0.5 g/100 g of microbial transglutaminase (MTGase) 
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(Activa RM, Ajinomoto USA Inc., Teaneck, NJ), and 0.3 g/100 g of polyphosphate (PP) (Kena 
FP-28, Innophos, Cranbury, NJ).  The above levels of functional additives were found in 
previous studies as optimal for gelation of ISP-recovered fish protein isolates and consequently 
physicochemical properties of heat-set gels as well as closely resembling commercial surimi-
based seafood products (Perez-Mateos, Boyd, & Lanier, 2004; Taskaya et al., 2009 a, b; Taskaya 
et al., 2010;  Chen & Jaczynski, 2007b).  A 0.5 g/100 g of titanium dioxide (TiO2) [Titanium 
(IV) oxide, Sigma-Aldrich, Inc., St. Louis, MO] was also added to the paste (Taskaya et al., 
2010; Tahergorabi et al., 2011a).  TiO2 is commonly added up to 1 g/100 g as a whitening agent 
in food products.  The PS, MTGase, TiO2, and PP were in a dry powder form.  The crab flavor 
was a water-soluble liquid.  The ω-3 PUFAs-rich oils (see below) were added at 10 g/100 g by 
replacing ice/water (1:1) that is normally added to a fish protein-based paste such as surimi paste 
(Perez-Mateos et al., 2004; Park, 2005).  One treatment with all of the additives except the oil 
was used as a control paste.  The final moisture content of the control paste was adjusted to 78 
g/100 g by adding ice/water to the paste (Perez-Mateos et al., 2004; Park, 2005).  To mix all of 
the ingredients with the fish protein isolate paste, chopping was applied at low speed for 1 min.  
Addition of TiO2 to a protein paste results in poor quality of heat-set gel due to the pH lowering 
effect of TiO2 (Park, 2005).  Therefore, the final pH of the paste in the present study was 
adjusted to 7.20±0.05 (Tahergorabi et al. 2011a; Taskaya et al., 2010).  Additional chopping was 
performed at high speed under vacuum (0.5 bar) for the last 3 min.  The paste temperature was 
controlled between 1-4°C during chopping.  The fish protein isolate pastes were prepared in 1 kg 
batches.  
The following ω-3 PUFAs-rich oils were added during preparation of fish protein isolate 
pastes: 
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1) Flaxseed oil was obtained from Jedwards International, Inc. (Quincy, MA). 
2) Fish oil (Omega Pure 8042TE) was obtained from Omega Pure (Reedsville, VA). 
3) Algae oil (DHAS) was obtained from Martek Biosciences (Columbia, MD). 
4) Krill oil (4225F) was obtained from Enzymotec USA, Inc. (Springfield, NJ). 
5) Blend (Flaxseed:Algae:Fish, 8:1:1) 
The added oils are good sources of ω-3 PUFAs and this is why they were selected in the 
present study (Pietrowski, Tahergorabi, Matak, Tou, & Jaczynski, 2011; Kassis, Gigliotti, 
Beamer, Tou, & Jaczynski, 2011; Kassis, Beamer, Matak, Tou, & Jaczynski, 2010).  Anderson 
and Ma (2009) provided an up-to-date and comprehensive review of health benefits specific for 
ALA and DHA.  When oil is homogenized with a comminuted protein-based paste, it results in 
light scattering.  Therefore, it improves whiteness of heat-set gels (Park, 2005).  This is why, 
besides nutraceutical benefits, 10 g/100 g of ω-3 PUFAs-rich oil was added to the fish protein 
isolate paste in the present study.  Fish protein isolate pastes prepared in this manner were used 
to develop heat-set gels.  
 
Preparation of fish protein isolate gels 
 
Fish protein isolate paste was stuffed into stainless steel tubes (length = 17.5 cm, internal 
diameter = 1.9 cm) with screw end caps for determination of fatty acid (FA) composition 
including indices of atherogenicity and thrombogenicity, lipid oxidation, and protein 
degradation.  To determine fundamental texture properties with torsion test, the paste was stuffed 
into hour-glass pre-molded stainless steel torsion tubes (length = 17.5 cm, end diameter = 1.9 
cm, midsection diameter = 1.0 cm) with screw end caps.  Since the fish protein isolate pastes 
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were prepared with MTGase, the tubes were incubated at 4°C for 24 h to allow for the formation 
of non-disulfide covalent ε-(γ-glutamyl)-lysine cross-links or the “suwari” effect.  Following 
incubation, the tubes were heated in a water bath at 90°C for 15 min.  Tubes were immediately 
chilled in ice slush and the fish protein isolate gels were removed for analysis.  
 
Fatty acid composition of the heat-set fish protein isolate gels 
 
The fatty acid (FA) composition was determined by extracting lipids with acid hydrolysis 
into ether followed by their methylation to fatty acid methyl esters (FAMEs) (Chen, Nguyen, 
Semmens, Beamer, & Jaczynski, 2007; 2008a).  The FAMEs were quantitatively measured using 
a capillary gas-liquid chromatograph (GLC) (Model 7890A equipped with a 7683B series 
injector, Agilent Technologies, Santa Clara, CA) against an internal standard (C19:1).  Helium 
was used as carrier gas at 0.75 ml/min flow rate and a 200:1 as split ratio.  The initial 
temperature of 100°C was held for 4 min and then increased to the final temperature of 240°C at 
a heating rate of 3°C/min.  The final temperature was held for 15 min.  The injector and detector 
temperatures were 225 and 285°C, respectively.  The data are reported as mean values 
(±standard deviation) of at least three replicates and the mean values are expressed as percent of 
a fatty acid in total fatty acids. 
 
Indices of atherogenicity and thrombogenicity 
 
Based on the FA composition of heat-set fish protein isolate gels, the indices of 
atherogenicity (IA) and thromogenicity (IT) were calculated.  The IA relates main saturated fatty 
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acids (SFAs) to unsaturated fatty acids (UFAs).  SFAs favor adhesion of lipids to cells of the 
immunological and circulatory system; and therefore, are considered pro-atherogenic.  UFAs 
inhibit the aggregation of plaques, thereby reduce the risk of CVD; and therefore, are considered 
anti-atherogenic (Ulbritch & Southgate, 1991; Senso, Suarez, Ruiz-Cara, & Garcia-Gallego, 
2007).  The following equation was used to calculate the IA: 
 
 
  


PUFAPUFAMUFA
CCC
IA
36
0:180:160:144

 
 
The IT indicates the tendency to form clots in blood vessels.  The IT relates pro-thrombogenic 
(SFAs) to anti-thrombogenic FAs (Mono-UFAs, ω-6 PUFAs, and ω-3 PUFAs) (Ulbritch & 
Southgate, 1991; Senso et al., 2007).  The following equation was used to calculate the IT: 
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Lipid oxidation of heat-set fish protein isolate gels 
 
Oxidative rancidity of gel samples was measured by a 2- thiobarbituric acid reactive 
substances (TBARS) assay of malondialdehyde (MDA) as previously described (Chen et al., 
2008; Jaczynski & Park, 2003b).  The absorbance was measured at 535 nm using an UV/Vis 
spectrophotometer (model DU530, Beckman Instruments, Fullerton, CA).  The TBARS values 
were calculated using molar absorptivity of MDA (156,000 M
_1
 cm
_1
) at 535 nm.  The TBARS 
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values are reported as mean values (±standard deviation) of at least three replicates and the mean 
values are expressed as mg of MDA per kg of heat-set gel sample. 
 
Protein degradation of heat-set fish protein isolate gels 
 
Protein degradation of gel samples was determined with total volatile basic nitrogen 
(TVBN) assay.  A 10 g sample of fish protein gel was homogenized with 200 ml of dd H2O and 
2 g of magnesium oxide and one drop of silicone were added to prevent foaming.  The mixture 
was distilled in a Micro-Kjeldahl unit and the distillate was titrated with 0.1 N hydrochloric acid.  
The TVBN values are reported as mean values (±standard deviation) of at least three replicates 
and the mean values are expressed as mg of nitrogen per 100 g of heat-set gel sample.  
 
Fundamental texture properties of heat-set fish protein isolate gels 
 
Torsion test of heat-set trout gels was performed according to Tahergorabi, Beamer, 
Matak, & Jaczynski (2011a).  At least seven hour-glass-shaped gels (length = 2.54 cm, end 
diameter = 1.9 cm, and midsection diameter = 1.0 cm) per treatment were glued to plastic discs 
and subjected to torsional shear using a Hamman Gelometer (Gel Consultant, Raleigh, NC) set at 
2.5 rpm.  Shear stress and shear strain at mechanical fracture are fundamental texture properties 
indicating gel strength and gel cohesiveness, respectively (Kim, Park, & Yoon, 2005).   
 
Statistics 
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The experiments were independently triplicated (n = 3).  In each triplicate at least three 
measurements were performed for FA composition, three for TBARS, three for TVBN, and eight 
for torsion test.  Data were subjected to one-way analysis of variance (ANOVA).  A significant 
difference was determined at 0.05 probability level and differences between treatments were 
tested using the Fisher’s Least Significant Difference (LSD) test (Freud & Wilson, 1997).  All 
statistical analyses of data were performed using SAS (SAS, 2002).  The data are reported as 
mean values ± standard deviation (SD). 
 
Results and Discussion  
 
Fatty acid composition of the heat-set fish protein isolate gels 
 
Fatty acid content of the control and the enriched gels with PUFA rich oils presented on 
percent basis in Fig.2. The ratio of PUFA to SFA and ω-6/ω-3 was calculated, and results were 
statistically (P<0.05) analyzed and tabulated in Table 1. 
Fish and fish derivates consumption are recommended by health authorities, not only for 
their high-quality protein content, but also for being a source of fatty acids considered highly 
beneficial for human health (ω-3 and ω-6). Linolenic acid (ALA, 18:3ω-3), eicosapentaenoic 
acid (EPA, 20:5ω-3), and docosahexaenoic acids (DHA, 22:6ω-3) were the main ω-3 PUFAs, 
while linoleic (LA, 18:2ω6) and arachidonic acids (AA, 20:4ω-6) were the main ω-6 PUFAs in 
whole gutted trout. Chen  et al (2006) reported fatty acid (FA) content of farm-raised  trout to be 
ALA 2.6, EPA 4.7, DHA, 16.7, LA 12.5, AA 0.6, total ω-3 PUFAs 24.7, and ω-6 PUFAs 14.3% 
and ω-3/ω-6 ratio 1.7, although the content can vary in farm-raised trout fillets depending on the 
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feed.  These data are in accordance with our data for the control samples without any PUFA rich 
oil addition. Chen et al (2007) reported that the pH treatment during solubilization of the protein 
in trout processing by-products did not (P>0.05) affect the composition of ω-3 and ω-6 PUFAs 
and consequently, the ω-3/ω-6 ratio in the recovered trout lipids.   
Trout gels enriched with ω-3 rich oils contained significantly more (P<0.05) total ω-3 
PUFA (flaxseed-50.95%, blend- 48.84%, krill-45.68%, algae-42.77%, fish-34.36%) than control 
(no oil- 19.78) (Fig 2B).  Flaxseed oil also called “linseed oil” is a yellowish oil obtained from 
the dried ripe seeds of the flax plant and is a rich source of the ω-3 fatty acid ALA (51.9- 55.2%) 
(Berglund, 2002; Ansorena and Astiasaran, 2004). Flaxseed oil is edible oil, but because of its 
strong flavor and odor, it is only a minor constituent of human nutrition, although it is marketed 
as nutritional supplement. Thus, the experimental trout gels developed with flaxseed oil and 
blend (8% flaxseed oil) contained the highest (P<0.05) amount of ALA (48.95%, and 39.45%, 
respectively) compared to other trout gels (algae-0.54%, krill-1.15%, fish- 2.45%).  Pietrowski et 
al. 2011 also reported that surimi gels enriched with 10% flaxseed oil contained 44.4% ALA 
which is in agreement with our results. Singh et al. 2011 also showed that chicken meat patties 
enhanced with 3% of flaxseed oil contained significantly higher (P<0.05) ALA (18.5%) 
compared to control (no oil) samples (5.9%).  Trout gels developed with fish and krill oil had the 
greatest (P<0.05) level of EPA (16.18%, 24.23%, respectively), whereas all other gels contained 
EPA less than 3%.   
Commercial algal oils contain DHA as their major ω-3 fatty acid (Newton, 1998). DHA 
is known to be crucial for proper nervous system and vision development (Chapman, Regenstein, 
1997). Both DHA and EPA are believed to have several health benefits for cardiovascular 
disease, immune disorders, inflammation, allergies, and diabetes. As expected, DHA 
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concentrations in the trout gel increased upon addition of algal oil (Fig. 2A). Ward and Singh 
(2005) reported that one should consume 90-105 g/day of rainbow trout in the diet to provide 1 g 
EPA and DHA per day but in this study a serving size of trout gel enriched with algae or fish oil 
provide more than this amount. It is important to mention that the DHA content of krill oil is 
similar to that of shrimp and fish. This is not surprising given that krill feed on marine 
phytoplankton such as single-cell microalgae, which synthesize large amount of DHA. However, 
most of the fatty acids in fish are incorporated into triglycerides, whereas 65% of the fatty acids 
in crustaceans are incorporated into phospholipids. The phospholipids and triglycerides require 
different digestive enzymes and therefore, there may be differences in bioavability and tissue 
accretion of DHA (Pietrowski et al. 2011).  Trout gels developed with flaxseed oil had the 
highest (P<0.05) content of LA (16.45%), followed by control and blend (10.30%, 13.73%, 
respectively). Consequently, flaxseed, control and blend oils resulted in the highest (P<0.05) 
content of ω-6 PUFA (Fig. 2B).  
As a result of the difference between FA compositions in trout gels, the ratio of ω-6/ω-3 
between gels although were significantly different (P<0.05) but numerically these differences 
were negligible. Today, in western diets, the ratio of ω-6/ω-3 fatty acids ranges from 10 to 20:1 
instead of the traditional range of 1 to 2:1 (Simopulous, 1999b). This author also reported that a 
high intake of ω-6 fatty acids shifts the physiologic state to one that is prothrombotic and pro-
aggregatory, characterized by increases in blood viscosity, vasospasm, and vasoconstriction and 
decreases in bleeding time; whereas ω-3 fatty acids have anti-inflammatory, antithrombotic, anti-
arrhythmic, hypolidemic, and vasodilatory  properties.  The UFA/SFA ratio was the highest 
(P<0.05) for gels with flaxseed oil and the lowest for gels with fish oil.  
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Indices of atherogenicity and thrombogenicity 
 
In our study two distinct indexes were investigated: 1) Index of atherogenicity (IA); and 
2) Index of thrombogenicity (IT). These indexes take into account the different effects that single 
fatty acid might have on human health and in particular on the probability of increasing the 
incidence of pathogenic phenomena, such as atheroma and/or thrombus formation(Cahu, Salen, 
& de Lorgeril, 2004; Ulbricht and Southgate, 1991). IA and IT were calculated as 0.62 and 0.41 
(Table 1) for control (no oil). Valfre´, Caprino & Turchini, (2003) also reported IA and IT values 
of 0.57 and 0.37 for farm-raised rainbow trout respectively. For the PUFA enriched gels, 
flaxseed had the lowest values for IA and TI (0.11 and 0.05 respectively) followed by blend. 
These values are lower than those found in beef or chicken, indicating that trout gels enriched 
with PUFA rich oils can be considered healthful food in terms of the risk of cardiovascular 
diseases (Ulbricht and Southgate, 1991). 
 
Lipid oxidation of heat-set fish protein isolate gels 
 
Owing to the unsaturated nature of ω-3 fatty acids they are highly susceptible to lipid 
oxidation, which can lead to flavor and color deterioration and loss of endogenous antioxidants. 
In the case of severe lipid oxidation, the content of ω-3 may even decrease. Oxidative 
deterioration of fish may not only affect the lipids as the proteins are also susceptible to 
oxidation (Undeland et al. 2008). Rancidity in fishery products as a result of autooxidation is 
measured in terms of the content of malonaldehyde, the principal compound in oxidized lipids 
(Hedges, 2002; Hyldig, & Nielsen, 2001; Tarladgis, et al. 1960). The 2-thiobarbituric acid 
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reactive substances (TBARS) test is one of the most commonly used methods to determine 
rancidity in fishery products.  
Fig. 3 shows the result of TBARS analysis of the cooked trout gels. Gels developed with 
krill oil were the most (P<0.05) susceptible to oxidation. Trout gels with krill oil contained a 
high level of ω-3 PUFA as DHA and EPA in a phospholipid form, which likely makes krill oil 
more prone to oxidation than other ω-3 rich trout gels. Gels with flaxseed, algae, and blend oils 
had TBARS values lower (P<0.05) than krill oil, but higher (P<0.05) than trout gels with no oil 
or fish oil. This is probably due to the increased content of ω-3 PUFA in these oils. Trout gel 
with no oil (i.e. control) had the lowest (P<0.05) TBARS value, which is likely due to the fact 
this sample had the lowest content of ω-3 PUFA compared to other ω-3 enhanced trout gels 
(Fig.1).  
Ke et al. (1984) proposed that TBARS values for seafood products below 0.58 mg/kg 
were perceived as not rancid; 0.58–1.51 mg/kg slightly rancid, but acceptable; and above 1.51 
mg/kg were perceived as rancid. Using this correlation, all the experimental gels (i.e. flaxseed, 
algae, fish, krill and blend oil as well as gels with no oil) [0.82–1.5 mg/kg] would be perceived 
as slightly rancid, but acceptable. These results are in agreement with Pietrowski et al. 2011 who 
studied lipid oxidation in surimi gels enhanced with PUFA rich-oils.  
 
Protein degradation of heat-set fish protein isolate gels 
 
TVBN content of trout gels was measured and depicted in Fig. 4. TVBN content of trout 
gel with no oil was 4.31 mg N/100 g, whereas trout gels enriched with PUFA rich oils had higher 
TVBN content (max:7.63 mg N/ 100 g) for flaxseed oil samples and there were no significant 
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difference between trout gels with PUFA rich oils. Benjakul et al. 2009 also reported similar 
results for the mackerel mince and corresponding surimi for the initial day of storage.  They 
concluded that TVBN content could be reduced markedly by the alkaline saline washing process. 
The formation of TVBN is generally associated with the growth of microorganisms and can be 
used as an indicator of spoilage (Benjakul, Visessanguan, Riebroy, Ishizaki, & Tanaka, 
2002).Generally; TVBN consists mainly of trimethylamine (TMA) and ammonia, which are 
produced by both microbial and endogenous enzymes. A number of specific spoilage bacteria 
such as Shewanella putrefaciens, Photobacterium phosphoreum, Vibrionaceae, and so on 
typically use trimethylamine oxide (TMAO) as an electron acceptor in anaerobic respiration, 
resulting in off-odor and off-flavor due to the formation of TMA (Gram and Huss 1996). This 
might be true for basic isoelectric solubilization/ precipitation which has mild pasteurization 
effect (Lansdowne, 2009a). TVBN content of 30 mg N/100 g is generally regarded as the fish 
acceptability limit (Sikorski et al. 1990). For all the trout gels, TVBN content was lower than the 
limiting level.  
 
Fundamental texture properties of heat-set fish protein isolate gels 
 
A torsion test has been proposed as an objective method to measure the mechanical 
properties of surimi gels, which could be applied to other gelling foods. This method allows the 
determination of shear stress and shearing strain at failure. Shear stress measures gel strength and 
correlates well with sensory hardness, texture profile analysis (TPA) hardness, and TPA 
fracturability. Shear strain measures the gel deformability and correlates well with cohesiveness 
and springiness (TPA) [Hamman & Lanier, 1987; Kim, Hamman, Lanier, & Wu, 1986]. 
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Shear stress and shear strain of heat-set trout gels with and without addition of ω-3 
PUFA-rich oil is shown in Fig. 2. These results revealed that ω-3 PUFA-rich oil addition within 
the ranges tested in the present study significantly (P< 0.05) improved these textural parameters 
(Fig. 2). Xiong (1992) and Foegeding, Xiong, and Brekke (1991) demonstrated that strength of 
gel made with myofibrillar proteins improves when fat is added. It has been previously reported 
that fine fat globules may behave as co-polymers filling the voids within the gel matrix; and thus, 
resulting in reinforcement of the composite gel (Ziegler & Foegeding, 1990).  Lee and Abdollahi 
(1981) suggested that the addition of oil/fat to fish protein gels reduces brittleness; and 
minimizes textural variations resulting from cooking.  Wu et al. (2009) found that gel strength 
increases with the concentration of added lipids; however, with the addition of 10 g/100 g of oil, 
there were no differences (P > 0.05), which is in contrast with our results. This might be due to 
different species used in these two studies.  However, addition of krill oil resulted in the lowest 
shear stress and shear strain values. Pietrowski et al. 2011 reported that gels with krill oil had 
slightly poorer hardness, cohesiveness and springiness which correlate with shear stress and 
shear strain respectively. This might be due to the inherent properties of krill oil and its 
propensity for oxidation. A surimi gel with a shear strain value higher than 2.2 is considered high 
quality and can be used for producing crab or shrimp analogues. Surimi gels with strain values 
lower than 1.8 are considered low quality (Hamman & Lanier, 1987; Kim, Hamman, Lanier, & 
Wu, 1986). Based on this correlation all the trout gels enhanced with PUFA rich oils are 
considered as high quality gels. 
 
Conclusions 
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Addition of ω-3 PUFAs rich oils (flaxseed, algae, fish, krill and blend) enhanced 
nutritional properties of trout protein isolates. The trout gels had a higher content of ω-3 PUFAs, 
in particular ALA, EPA and DHA while the texture properties were improved and lipid oxidation 
was in acceptable range. Incorporation of PUFA rich oils into rainbow trout protein isolate could 
produce a functional food product which mimics natural fish products.  
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Figure 1. A flowchart for recovery of fish protein isolate using isoelectric solubilization 
/precipitation (ISP) and subsequent development of fish protein gels. The gels were formulated 
to contain 78% moisture, 0.34 M salt substitute, 10% ω-3 PUFAs oil (flaxseed, fish, algae,  krill, 
or blend), 2% potato starch (PS), 0.5% microbial transglutaminase (MTGase), 0.5% titanium 
dioxide (TiO2) 0.3% polyphosphate (PP), and 3.7% crab flavor. The paste pH was adjusted to 
7.2.  
Cooking at 90C for 15 min 
Homogenization 
Whole gutted trout (bone-in, skin- and scale-on: water = 1:6 (w:v) 
Isoelectric solubilization  
at pH 11.5 for 10 min  
Laboratory batch centrifugation 
10,000 x g for 10 min at 4C 
Top layer 
fish oil 
Middle layer 
fish muscle protein solution 
Bottom layer 
insolubles (bones, skin, scale, insoluble                     
proteins, membrane lipids, etc.)  
Isoelectric precipitation 
at pH 5.5 for 10 min 
Laboratory batch centrifugation 
10,000 x g for 10 min at 4C 
 
Precipitate – fish protein isolate Supernatant – process water 
Fish protein gels 
Fish protein paste formulated with 
salt substitute, ω-3 PUFAs oil, PS, 
MTGase, TiO2, PP, and crab flavor          
Texture (torsion test) 
Fatty acid profile (GC) 
Lipid oxidation (TBARS) 
Spoilage Index (TVBN)   
Pre-incubation at 4C for 24 h 
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Figure 2. Major fatty acids* (FAs) of heat-set trout gels with and without (control) added oil 
(blend was flaxseed: algae: fish, 8:1:1). *Data are given as mean values ± standard deviation (n = 
3). Different letters on data bars indicate significant differences (Fisher’s Least Significant 
Difference, P < 0.05) between mean values within the same FA. ** (A) ALA–linolenic (18:3ω3), 
EPA–eicosapentaenoic (20:5ω3), DHA–docosahexaenoic (22:6ω3), LA–linoleic (18:2ω6), and 
AA–arachidonic (AA, 20:4ω6). (B) ω-3–total ω-3 FAs, ω- 6–total ω-6 FAs, SFA–total saturated 
FAs, and UFA–total unsaturated FAs. 
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Table 1 
The ratios 
a
 of omega-6/omega-3 fatty acids (ω-6/ω-3) and unsaturated/saturated fatty acids (UFAs/SFAs) and IA= Index of 
atherogenicity; IT = Index of thrombogenicity determined for heat-set trout gels with and without (control) added oil (blend was 
flaxseed: algae: fish, 8:1:1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Data are given as mean values ± standard deviation (n = 3). Different letters indicate significant differences (Fisher’s Least Significant 
Difference, P < 0.05) between mean values within the same row. 
 
 
 
 
 
 
 
 Control Flax Fish Algae Krill Blend 
ω-6/ω-3 0.63±0.00 
a 
0.32±0.00 
b 
0.12±0.00 
d 
0.07±0.00 
f 
0.11±0.01 
e 
0.29±0.00 
c 
UFAs/SFAs 1.85±0.00 
f 
8.01±0.05 
a 
2.32±0.02 
e 
3.51±0.01 
d 
3.79±0.01 
c 
6.1±0.06 
b 
IA 0.62±0.00 
c 
0.11±0.00 
f 
0.73±0.03 
a 
0.69±0.01 
b 
0.34±0.00 
d 
0.22±0.02 
e 
IT 0.41±0.00 
a 
0.05±0.00 
e 
0.21±0.02 
b 
0.12±0.00 
c 
0.11±0.00 
c 
0.08±0.00 
d 
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Figure 3. Torsion shear stress* and strain* of heat-set fish protein gels with and without (control) added ω-3-rich oils (● – shear stress; 
○ – shear strain).   
* Data are given as mean values  standard deviation (SD) (n = 3). Bars on data points indicate SD. Different letters on the top of SD 
bars indicate significant differences (Fisher’s Least Significant Difference test, P < 0.05, n = 3). 
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Figure 4. Thiobarbituric reactive substances (TBARS) values* of heat-set fish protein gels with and without (control) added ω-3-rich 
oils.   
* Data are given as mean values  standard deviation (SD) (n = 3). The small bars of the top of data bars indicate SD. Different letters 
on the top of SD bars indicate significant differences between mean values (Fisher’s Least Significant Difference test, P < 0.05, n = 3). 
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Figure 5. Total volatile basic nitrogen (TVBN) values* of heat-set fish protein gels with and without (control) added ω-3-rich oils.   
* Data are given as mean values  standard deviation (SD) (n = 3). The small bars of the top of data bars indicate SD. Different letters 
on the top of SD bars indicate significant differences between mean values (Fisher’s Least Significant Difference test, P < 0.05, n = 3). 
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Dissertation Summary and Implications 
             Muscle protein extraction from “low value” poultry meat and fish by-products has been 
receiving increased attention.  Color is one of the concerns with these products, and it affects 
consumers’ selection and satisfaction. One of the attempts to increase the utilization of these 
processing by-products is using isoelectric solubilization/precipitation (ISP) to recover 
myofibrillar proteins and separate them from pigments and fat to increase their utilization for the 
preparation of further processed meat products. On the other hand, the present Western diet is 
characterized as high salt content and low ω-3 fatty acids which provides the risk factors for 
cardiovascular diseases.  
             Based on the results reported in this dissertation, ISP allows recovery of proteins from 
skin-on bone-in dark chicken-meat processing by-products without removal of bones, skin, and 
fat prior to processing. Addition of TiO2 to proteins recovered from these by-products allows 
development of heat-set gels with color and texture comparable to chicken breast gels. 
Addition of salt substitute significantly reduced (P<0.05) sodium content in surimi gels. 
Salt substitute and salt result in similar physicochemical properties of surimi gels, but gels 
developed with salt substitute have much lower sodium content. Therefore, salt substitute can be 
used to replace NaCl in low-sodium surimi seafood products. 
Addition of ω-3 PUFAs rich oils (flaxseed, algae, fish, krill and blend) enhanced 
nutritional properties of trout protein isolates. The trout gels had a higher content of ω-3 PUFAs, 
in particular ALA, EPA and DHA while the texture properties were improved and lipid oxidation 
was in acceptable range. Incorporation of PUFA rich oils into rainbow trout protein isolate could 
produce a functional food product which mimics natural fish products.  
 
